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RESUME 
Une étude comparative de la régulation nutritionnelle du métabolisme des lipides chez la vache et la 
chèvre laitières a été réalisée afin d’identifier les mécanismes et préciser les spécificités de ces 2 espèces 
en vue d’une meilleure maîtrise de la quantité et de la qualité de la matière grasse laitière (MGL). Les 
effets respectifs de régimes riches en concentrés non supplémenté (CTL) ou supplémentés en huile de 
maïs et en amidon (COS), ou en poudre d’algues (MAP) ou en huile de palme hydrogénée (HPO) sur la 
plasticité et la composition de la MGL, et sur des indicateurs des métabolismes ruminal, intermédiaire 
et mammaire ont été étudiés chez la vache et la chèvre (n=12 par espèce) conduites simultanément selon 
un carré latin 4X4. Les régimes n’ont pas eu d’effet sur la production laitière quelle que soit l’espèce. 
Cependant, une différence de réponse inter-espèces au régime COS a été observée avec une forte chute 
de la teneur en MGL (-45%) chez la vache mais pas chez la chèvre. Le régime MAP a conduit à une 
diminution de la teneur en MGL chez la vache (-22%) et, dans une moindre mesure, chez la chèvre (-
15%), tandis que HPO l'a augmentée seulement chez la vache (+13%). Les différences majeures 
observées avec COS entre les 2 espèces sont attribuées 1/ à des différences de biohydrogénations 
ruminales (BHR) des AG polyinsaturés avec une plus grande stabilité des voies classiques de BHR chez 
la chèvre ; 2/ au métabolisme intermédiaire, avec une augmentation des lipides circulants chez la chèvre 
suggérant une plus grande disponibilité en AG longs pour la glande mammaire (GM). Les réponses à 
MAP ont été attribuées à des mécanismes similaires chez les 2 espèces mais différents en termes 
d’indicateurs des métabolismes ruminal et intermédiaire de ceux identifiés pour COS. Chez la vache 
HPO se distingue par une augmentation du C16:0 et C16:1 cis-9 du lait suggérant un transport et/ou un 
captage privilégié du C16:0 chez cette espèce. Quel que soit le régime, le métabolisme mammaire des 
lipides, étudié via l’abondance des ARNm de gènes de la lipogenèse, n’a pas été relié aux données de 
sécrétions des AG du lait. Nos résultats montrent que la plasticité de la MGL chez deux espèces de 
ruminants, à priori proches, est contrôlée par des mécanismes différents selon l’espèce et le régime. 
Nous avons construit une base de données phénotypiques sur 24 animaux de 2 espèces recevant 4 
régimes dont l’analyse nous a permis de préciser les mécanismes de synthèse de la MGL. Ce projet de 
recherche pourrait permettre, in fine, de proposer des outils de monitoring via le phénotypage de la 
composition fine du lait et de proposer des stratégies d’élevage pour moduler les performances de 
l’animal. 
Mots clés : Ruminants, Métabolisme des lipides, Suppléments lipidiques, Plasticité de la matière grasse, 
Acides gras.  
ABSTRACT 
A comparative study of the nutritional regulation of lipid metabolism in dairy cows and goats was 
performed to identify the mechanisms and clarify the specificities of these 2 ruminant species in order 
to better control milk fat yield and quality. The effects of diets containing no additional lipid (CTL) or 
supplemented with corn oil (5% dry matter intake (DMI)) and wheat starch (COS), marine algae powder 
(MAP) (1.5% DMI), or hydrogenated palm oil (HPO) (3% DMI), on milk fat plasticity and composition, 
and on indicators of ruminal, intermediary and mammary metabolisms were studied in cows and goats 
(n=12 per species) conducted simultaneously according to a 4x4 Latin square design. Dietary treatments 
had no significant effects on milk yield in both species. Conversely, species-specific response of milk 
fat content to dietary treatment were observed: in cows, milk fat content was lowered by COS (-45%) 
and MAP (-22%) and increased by HPO (+13%) compared with CTL, and in goats, only MAP had an 
effect compared with CTL by decreasing milk fat content by 15%. The major differences observed for 
COS among species were attributed 1/ at differences in the polyunsaturated fatty acids (FA) ruminal 
biohydrogenation (RBH) processes with a greater stability of the classical RBH pathways in goats; 2/ at 
the intermediary metabolism, with an increase in circulating lipids in goats suggesting a higher 
availability of long chain FA for mammary gland (MG). Responses on MAP treatment were attributed 
to similar mechanisms among species but different to those outlined for COS in terms of indicators of 
ruminal and intermediary metabolisms. In cows, HPO was characterized by an increased in milk 16:0 et 
cis-9 16:1 suggesting a favoured transport and/or uptake of 16:0 in this species. Whatever the dietary 
treatment the mammary lipid metabolism studied by the mRNA abundance of few lipogenic genes was 
not related with milk FA yields. Our results demonstrated that the milk fat plasticity in two closely 
related ruminant species is controlled by different mechanisms depending on species and dietary 
treatments. We produced a database on 24 animals of 2 species receiving 4 dietary treatments. The 
dataset analysis allowed us to enhance our knowledge on regulation mechanisms of milk fat synthesis. 
This research project will contribute for the development of  monitoring tools based on milk composition 
phenotyping, and to propose husbandry strategies that modulate animal performance. 
Key words: Ruminants, Lipid metabolism, Lipid supplements, Milk fat plasticity, Fatty acids. 
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DPA : Acide docosapentaénoïque 
E 
EC : Esters de cholestérol
EPA : Acide eicosapentaénoïque 
F 
FABP3 : Fatty acid binding protein 3 
FADS3 : Fatty acid desaturase 3 
FASN : Fatty acid synthase 
G 
GC : Chromatographie en phase gazeuse 
GG : Globule gras 
GM : Glande mammaire 
GPAM : Glycerol-3-phosphate 
acyltransferase 1 
G3PDH : Glycerol-3-phosphate 
dehydrogenase 
G6PDH : Glucose-6-phosphate 1-
dehydrogenase 
H 
HPLC : Chromatographie liquide haute 
performance 
HPO : Hydrogenated palm oil 
I
INSIG1 : Insulin-induced gene 1 protein 
L
LC-MS/MS : Spectrométrie de masse en 
tandem 
LC-HR/MS : Spectrométrie de masse haute 
résolution 
LPIN1 : Phosphatidate Phosphatase LPIN1 
LPL : Lipoproétine lipase 
LXR : Oxysterols receptor LXR-alpha 
M
MAP : Marine algae powder 
MFD : Milk fat depression 
MFGE8 : Lactadhérine 
MG : Matière grasse  
MGL : Matière grasse laitière 
MS : Matière sèche 
MSI : Matière sèche ingérée 
mTOR : Serine/threonine-protein kinase 
mTOR 
P
PCR : Réaction de polymérisation en 
chaîne 
PDI : Protéines digestibles dans l’intestin 
PPAR : Peroxisome proliferative 
activated receptor, alpha isoform 1 
PPARG1 : Peroxisome Proliferator 
Activated Receptor Gamma 1 
R 
RE : Réticulum endoplasmique 
S 
SCD1 : Stéaroyl-CoA-désaturase 1 
SCD5 : Stéaroyl-CoA désaturase 5 
SL : Supplément lipidique  
SLC2A1 : Solute carrier family 2, 
facilitated glucose transporter member 1 
SM : Sphyngomyéline 
SP1 : Transcription factor SP1 
SREBF1 : Sterol response element binding 
protein 
T
TA : Tissu adipeux  
TB : Taux butyreux 
TG : Triglycéride  
TLR4 : Toll-like receptor-4 
TP : Taux protéique 
U 
UFL : Unité fourragère lait 
V 
VLDL : Lipoproteine de très faible densité 
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Chaque année dans le monde, environ 826 milliards de litres de lait sont produits, dont 
677 milliards de lait de vache (CNIEL, 2018). En France, actuellement, 24 milliards de litres 
de lait de vache sont annuellement produits par 59 000 exploitations, 603 millions de litres de 
lait de chèvre (839 000 chèvres) et 293 millions de litres de lait de brebis (1 234 000 brebis). 
Ainsi, à elle seule, la France assure environ 5% de la production de lait planétaire. Au niveau 
régional, le lait de vache provient pour 56% du Grand Ouest, alors que 48% du lait de chèvre 
provient de Nouvelle Aquitaine et 74% du lait de brebis provient d’Occitanie (CNIEL, 2018).  
Malgré cette part importante de production laitière en France, la consommation de lait 
conditionné liquide a diminué en 2017 de -2 % (CNIEL, 2018). Le produit phare de l’industrie 
laitière, le lait UHT demi-écrémé standard, qui représente 73 % des volumes de lait achetés, est 
particulièrement touché, avec une diminution de 5,3 %. Pourtant, le lait et les produits laitiers 
sont des éléments essentiels de l’alimentation du nouveau-né, mais aussi de l’adulte. En effet, 
ils constituent une source importante de macronutriments (lipides, glucides, protéines) et de 
micronutriments (vitamines et minéraux) (FAO, 2013), ce qui en fait un élément central de 
l’alimentation humaine. Les lipides sont une source importante d’énergie et ils présentent de 
multiples rôles biologiques cellulaires ; ce sont des constituants des membranes cellulaires, 
certains sont des précurseurs de molécules de régulation de fonctions physiologiques variées 
(agrégation plaquettaire, inflammation, vasoconstriction), et d’autres peuvent réguler 
l'expression de gènes du métabolisme lipidique. Enfin, ils déterminent pour une large part les 
qualités sensorielles et technologiques des produits laitiers. Dans les pays occidentaux, touchés 
par les maladies liées aux modes d’alimentation (syndrome métabolique, obésité, cancers…), 
notamment avec des apports énergétiques trop importants, la composante lipidique des apports 
est la cible d’action pour diminuer l’incidence de ces troubles, d’un point de vue quantitatif 
(quantité d’énergie apportée) et qualitatif (profil en acides gras (AG) des fractions lipidiques). 
Ainsi ces dernières décennies, une attention particulière a été portée à l’amélioration de la 
qualité nutritionnelle de la matière grasse (MG) du lait pour le consommateur. En effet, les 
produits laitiers (lait, beurre et fromage) sont le premier vecteur de lipides apportés par 
l’alimentation, avec 28g/j (ANSES, 2011), soit environ 28 % des apports en MG 
(Razanamahefa et al., 2005). Ils fournissent 44% des acides gras saturés (AGS) consommés 
(Afssa, Inca 2), ceux-ci ayant été associés à une augmentation des risques de maladies 
cardiovasculaires lorsqu’ils sont consommés en excès (Kromhout et al., 2000), même si ce 
concept est toujours sujet à débat (De Souza et al., 2015 ; Legrand et Rioux, 2015). Ils sont 
aussi pourvoyeurs de 17% des acides gras polyinsaturés (AGPI) (Afssa, Inca 2), notamment des
2 
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AG ω3, qui présentent des effets bénéfiques pour la santé humaine (Shahidi, et Ambigaipalan, 
2018). 
La quantité de MG dans le lait est aussi un élément important pour l’éleveur, puisqu’elle 
conditionne en partie son revenu ainsi que l’efficacité de production des animaux. Parmi les 
différents facteurs qui modulent la production et la composition du lait, certains sont liés à 
l’animal (génétique, stade physiologique), alors que d’autres sont liés à l’environnement 
(photopériode, température, alimentation). Pour l’éleveur, l’alimentation est un moyen efficace 
et rapide pour moduler la production et la composition du lait afin d’améliorer sa qualité 
nutritionnelle pour le consommateur. Par ailleurs une meilleure efficience des ruminants laitiers 
est un des enjeux de la durabilité des systèmes d'élevage, ce qui signifie produire du lait en 
quantité importante et riche en protéines et en MG dans des conditions nutritionnelles de plus 
en plus contraintes (ressources limitées pour l’animal à certaines périodes). Aussi, les effets de 
l’alimentation sur la quantité et la composition de la matière grasse laitière (MGL) ont été 
largement explorés ces dernières décennies, notamment en utilisant des suppléments lipidiques 
(SL), d’abord comme un moyen d’accroître la valeur énergétique des rations, puis pour 
améliorer la qualité nutritionnelle du lait (Doreau et al., 2012). Parmi les facteurs alimentaires 
étudiés chez la vache laitière, les régimes riches en amidon et supplémentés en huiles végétales 
(riches en AGPI) et les régimes supplémentés en faibles doses d’huiles marines (riches en AGPI 
à chaînes longues) conduisent, chez cette espèce, à une forte réduction de la sécrétion des MGL 
qui n’est pas observée chez la chèvre laitière alors que la brebis présente une réponse 
intermédiaire. La comparaison de ces réponses très différentes entre ces espèces de ruminants, 
à priori voisines, constitue un modèle d’étude original pour comprendre les mécanismes de 
régulation de la plasticité de la MG du lait et ainsi mieux la maîtriser (notamment chez la vache 
avec des régimes qui induisent une chute de sécrétion de la MGL). De plus, l’essor de 
techniques à haut débit telles que les méthodes en –omiques (génomique, transcriptomique, 
métabolomique, lipidomique, protéomique) favorise l’acquisition de données plus précises et 
complètes contribuant d’une part, à une meilleure compréhension des mécanismes impliqués et 
d’autre part, à identifier de nouveaux phénotypes moléculaires de production ou de qualité 
du lait. 
Dans ce contexte, mon projet de thèse s’est inscrit dans le cadre du projet NutriLip (projet 
EGER (Efficacité globale de l’élevage des ruminants), financé par APIS-GENE impliquant 9 
scientifiques de l’unité et hors unité, qui repose sur une comparaison directe de la régulation 
par la nutrition du métabolisme des lipides chez la vache et la chèvre laitières afin de déterminer 
les mécanismes impliqués. L’objectif majeur était de caractériser le métabolisme des lipides 
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dans le rumen, le plasma et la glande mammaire (GM) chez ces deux espèces de ruminants afin 
d’en déterminer les rôles respectifs. 
Une expérimentation in-vivo a été conduite sur des animaux des 2 espèces qui ont reçu 
simultanément des rations similaires supplémentées en lipides variés. Outre l’acquisition des 
données zootechniques, des prélèvements ont été réalisés sur les animaux à différents niveaux 
(contenu ruminal, plasma, tissu mammaire, lait). Des mesures de comportement alimentaire 
ainsi que des bilans digestifs quantitatifs (digestibilité, émissions de méthane) intervenant dans 
l’efficacité productive ont également été réalisés. Pour ma part, j’ai d’abord conduit les deux 
essais nutritionnels menés en parallèle sur 12 vaches et 12 chèvres laitières, organisé et participé 
aux divers prélèvements et mesures. J’ai ensuite choisi de centrer mon travail de thèse sur 
l’étude des réponses des 2 espèces de ruminants en termes de performances et composition fine 
en AG du lait, notamment les isomères trans ou le C18:0 (indicateurs du fonctionnement du 
rumen), ainsi que sur l’exploration du métabolisme intermédiaire des lipides (plasma et GM).  
Aperçu de la thèse 
Le premier chapitre de mon manuscrit fait l’objet d’une synthèse bibliographique sous forme 
d’une revue publiée pendant ma thèse, à laquelle j’ai contribué, et dont les messages principaux 
sont résumés par la suite. Dans cette revue sont notamment présentés les composés majeurs et 
mineurs de la MGL ainsi que leurs effets sur la santé humaine, puis les effets de l’alimentation 
sur le métabolisme des lipides chez les ruminants sont décrits dans différents compartiments 
(rumen, plasma et GM), ainsi que les spécificités de réponse des espèces de ruminants à certains 
facteurs nutritionnels. Le deuxième chapitre présente les objectifs et la démarche scientifique 
de ma thèse, puis, en chapitre 3, le modèle d’étude et les moyens expérimentaux pour atteindre 
ces objectifs. Le chapitre 4 est consacré aux résultats de mes travaux de recherche conduits avec 
une approche de physiologie comparée pour comprendre la régulation nutritionnelle du 
métabolisme des lipides chez vaches et chèvres laitières, en réponse à la 
supplémentation lipidique. Ils sont présentés sous forme de 3 articles scientifiques ; le 
premier porte sur les performances zootechniques et la description des profils en AG du lait 
(article publié), le deuxième sur l’étude de l’expression des gènes impliqués dans le 
métabolisme des lipides dans la GM (article accepté) et le troisième, issu d’une première 
étude pilote de comparaison inter-espèce réalisée dans notre équipe, rapporte l’effet de 
régimes supplémentés en 2 sources lipidiques (proches, en termes de composition, à 2 de 
celles de mon essai expérimental) sur la composition plasmatique en classes de lipides 
chez la vache et la chèvre par HP-TLC (en préparation pour soumission). Enfin une 
discussion générale est réalisée dans le chapitre 5, pour finir par une conclusion et des 
perspectives. 
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LE PROJET NUTRILIP : 
Etude comparative de la régulation nutritionnelle du métabolisme lipidique dans le 
rumen et la glande mammaire chez la vache et la chèvre laitières 
Objectifs et enjeux 
L’objectif de ce projet est d’identifier les mécanismes et préciser les spécificités du 
métabolisme des lipides chez les bovins et caprins laitiers, notamment dans la GM et le rumen. 
L’un des enjeux est de proposer des outils de pilotage pour maîtriser la quantité et la qualité de 
la MGL. 
Le projet NutriLip repose sur une étude de comparaison directe du métabolisme des lipides 
chez la vache et la chèvre laitières. La nutrition, et en particulier la supplémentation lipidique, 
est utilisée comme levier pour moduler la quantité et la composition de la MGL pour en étudier 
les mécanismes. Une démarche d’évaluation des performances multiples à l’échelle de l’animal 
a été adoptée, avec des mesures de production, de qualités du lait, de bilans digestifs et aussi 
d’indicateurs du métabolisme des lipides dans le rumen et la glande mammaire. Une analyse 
intégrative par des méthodes statistiques multivariées de l’ensemble des données phénotypiques 
mesurées : performances laitières, composition fine du lait (profils en AG, lipides polaires, 
vitamines B), mesures associées au métabolisme microbien du rumen (caractérisation du 
microbiote, paramètres fermentaires et AG), au métabolisme post-absorptif (lipides polaires et 
neutres) et mammaire (expression de gènes (abondance des ARNm et protéines) de la 
lipogenèse), incluant les données des processus digestifs quantitatifs (perte énergétique sous 
forme d’émission de méthane et digestibilité), et des données de comportement alimentaire, 
permettra de mettre en évidence les mécanismes de synthèse de la MGL pour développer, in 
fine, des outils de pilotage pour améliorer l’efficacité de production des ruminants laitiers et les 
qualités nutritionnelle et technologique de leurs produits en accord avec les attentes des 
producteurs et/ou consommateurs.  
Les partenaires 
Laurence Bernard (Equipe Biomarqueurs, UMRH, INRA) 
René Baumont (Equipe Dinamic, UMRH, INRA) 
Carole Delavaud (Equipe Biomarqueurs, UMRH, INRA) 
Maguy Eugène (Equipe Dinamic, UMRH, INRA) 
Benoît Graulet (Equipe Dinamic, UMRH, INRA) 
Cécile Martin (Equipe Dinamic, UMRH, INRA) 
Annabelle Meynadier (ENVT, Toulouse) 
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REVIEW ARTICLEMilk Fat Globule in Ruminant: Major and Minor
Compounds, Nutritional Regulation and Differences
Among SpeciesLaurence Bernard,* Muriel Bonnet, Carole Delavaud, Mylene Delosiere, Anne Ferlay,
Helene Fougere, and Benôıt GrauletRecent knowledge is presented on the composition of ruminant milk fat
fractions and the nutritional strategies known to alter their amount. The
development of lipidomic and proteomic analyses has allowed for the
characterization of minor components, such as proteins, liposoluble vitamins,
and phospholipids of the milk fat globule (MFG), in addition to the
triacylglycerols (TAG), which are the major constituents of the MFG core.
Few differences in these components among ruminant species exist, and
they have been outlined mainly on the fatty acids (FA) profile of the TAG,
whereas comparative data are still lacking on vitamins and proteins. The
effects of dietary treatments enriched in n-3 polyunsaturated FA (PUFA) on
the composition of the milk fat fraction are explored. In particular, pasture
and plant oilseeds increase milk n-3 PUFA and cis-9,trans-11 CLA and
decrease saturated FA, whereas data with new feed resources, such as algae,
are still rare. The peculiarities of the response of the milk fat to diets that
induce a milk fat depression in cows but in lesser extent in small ruminants
are described. The potential effects of polar lipids, proteins, and liposoluble
vitamins of the MFG on human health are reviewed, highlighting the
nutraceutical properties of milk.
Practical Applications: This review provides an overview of the different
components of the milk fat fraction in ruminant species and on nutritional
strategies to alter their amounts to improve the nutritional quality of milk.
Furthermore, this review presents recent data on species peculiarities of the
milk fat fraction composition and of its response to nutritional factors, which
offers a promising model to identify news levers of regulation of this fraction
and foster the identification of new feeding strategies to better control milk
fat composition and feed efficiency.1. Introduction
Milk is an aqueous solution that contains several main
components, i.e., fat, proteins, lactose, minerals, and vitamins;Dr. L. Bernard, Dr. M. Bonnet, C. Delavaud, M. Delosiere,
A. Ferlay, H. Fougere, B. Graulet
Universite Clermont Auvergne
INRA, VetAgro Sup, UMR Herbivores
F-63122 Saint-Genes-Champanelle, France
E-mail: laurence.bernard@inra.fr
DOI: 10.1002/ejlt.201700039
Eur. J. Lipid Sci. Technol. 2018, 120, 1700039 © 21700039 (1 of 27)it is an exceptional source of energy for new-
borns, providing essential nutrients and
bioactive compounds. Moreover, consump-
tion ofmilk and dairy products as a source of
nutrients is recognized for its nutritional
input and beneficial effects with respect to
the prevention of certain chronic diseases in
humans.[1] Indeed, in addition to being a
majorsourceofcalcium,milk supplies lipids
and vitamins that contribute to nutritional
quality (with some lipids that may have
potentially positive or negative effects on
human health) and confers physical and
sensory characteristics to dairy products.
In livestock, milk fat synthesis repre-
sents a major energy cost for milk produc-
tion and plays a central role in determining
dairy product quality and the partitioning
of energy into milk.
This review addresses the milk lipid
fraction, which is mainly composed of
triacylglycerols (TAG) including a large
number of esterified fatty acids (FA) (short-
and medium-chain saturated, branched,
mono- and polyunsaturated, cis and trans,
conjugated FA, etc.), and minor compo-
nents such as phospholipids (PL), proteins,
and vitamins.
Among the major factors that modulate
milk fat plasticity (yield and composition)
in ruminant species, nutrition is a natural
means for farmers to rapidly and reversibly
modulate the milk fat composition, in
particular, the FA composition. The largest
changes aimed to increase the health-beneficial FA (mainly n-3 family) have been observed either
by changing the forages in the diets of ruminants, particularly by
pasture, or by adding plant or marine lipid supplements to the
diet. However, the effects of these dietary conditions on the other
components of the milk lipid fraction are still not well known.
The aim of this review is to synthesize recent research on the
composition of the milk lipid fractions, including major and
minor constituents in ruminant species and to report advances
in nutritional strategies, such as including PUFA in the diet, to
alter their amounts. We also present recent data on species
peculiarities for milk fat fraction composition and its response to018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
www.advancedsciencenews.com www.ejlst.comnutritional factors, which offers a promising model to identify
new levers to regulate this fraction. This review also reports new
analytical developments for determining the major and minor
components of milk lipid fractions and finally updates the
knowledge on the effects of the consumption of milk lipid
fractions with different compositions on human health.2. Composition of the Milk Lipid Fraction
Milk lipids (3–5%) are present in the form of small droplets
called milk fat globules (MFG) emulsified in the aqueous phase
(87%). MFG (0.1–20mm in diameter) contains a core of non-
polar lipids (mainly TAG) coated into the milk fat globule
membrane (MFGM) composed of polar lipids, mainly PL,
glycolipids, and minor specific proteins, and is considered a
source of bioactive molecules. The MFGM (thickness: 10–
50 nm) is a tri-layer structure, with the inner layer originating
from the endoplasmic reticulum and the outer bilayer originat-
ing from regions of the apical plasma membrane of mammary
epithelial cells.[2] The composition of bovine MFGM includes
69–73% lipids and 22–24% proteins,[3] as well as vitamins
(Figure 1). The MFGM protects the TAG of the MFG core from
lipolysis and oxidation.
Milk fats consists mainly of TAG (98%), while other milk
lipids are diacylglycerides (DAG; 2% of the lipid fraction),
cholesterol (less than 0.5%), polar lipids (1%, mainly PL), and
free FA (0.1%).[4] In addition, there are trace amounts of other
lipid components (ether lipids, hydrocarbons, etc.) including
liposoluble vitamins (A as retinol and β-carotenes, D, E, K;
40–60 μg g1 lipids) and xanthophylls that must also be
considered as high value micronutrients of the lipid fraction.Figure 1. Schematic representation of themain lipids (purple), proteins (blue
on Refs. [131,175,269]. Among lipids: MG¼monoglycerides, DG¼ diglyce
CE¼ cholesterol esters, PC¼ phosphatidylcholine, PE¼ phosphatidyletha
proteins: MFGE8¼ lactadherin, PLIN2¼perilipin-2, MUC1¼mucin 1, XDH
binding protein, BTN¼ butyrophilin, CD36¼ platelet glycoprotein 4, MUC1
Eur. J. Lipid Sci. Technol. 2018, 120, 1700039 1700039 (2These components have been characterized inmost ruminant
species, and their relative proportionsmay differ among bovines,
caprines, and ovines (Table 1).2.1. TAG and FA of the Globule Core
The milk of ruminants is characterized by its high content of
saturated FA (SFA, almost 70% of total FA), low content of
polyunsaturated FA (PUFA; less than 3%, including n-3 FA,
conjugated linoleic acids (CLA), mainly cis-9,trans-11 isomer or
rumenic acid, and conjugated linolenic acids (CLnA)), and its
low content (4%) of trans-FA.[5,6] Few differences among
species are observed: milk fat content is higher in ewes (6–7 g/
100 g milk) compared to cows and goats. Moreover, the average
fat globule size is smaller in milk from small ruminant species
(ewe and goat; 3.5 μm) compared to cow (4.0 μm),[7] which
partly contributes to the higher digestibility of ovine and caprine
milk. Additionally, milk fat from small ruminants contains
high levels of medium-chain FA with a carbon chain composed
of 6–10 atoms of carbon. Indeed, the FA known as caproic (6:0),
caprylic (8:0), and capric (10:0) are so termed from the goat milk
in which they are preferentially found and form up to 15–18% of
total milk FA, compared to 5–9% for cow milk,[8] which also
contributes to improved milk digestibility.2.2. Polar Lipids of the MFGM
The polar lipid fraction in milk (1% of total lipids) is mainly
constituted by PL and sphingolipids found in the MFGM.), and vitamins (green) and their distribution on the milk fat globule based
rides, TAG¼ triacylglycerol, TAG†¼ TAG rich in high melting point FA,
nolamine, PI¼ phosphatidylinositol, PS¼ phosphatidylserine. Among
/XO¼ redox enzyme xanthine dehydrogenase/oxidase, FABP¼ fatty acid
5¼mucin 15. FABP positionning is a proposal of authors.
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Table 1. Amount of the major constituents of the lipid fraction in milk
from bovine, caprine, and ovine species.
Species Bovine Caprine Ovine
Fat contenta) (% wt/wt) 3.3–6.4 3.0–7.2 4.9–9.0
Milk fat globule average diametera) (μm) 3.5–4.6 2.8–3.5 3.3–3.5
Protein of the MFGMb) (%) 1–4 1–4 1–4
Lipid classesc) (%)
Cholesterol esters <0.01 <0.01 <0.01
Triacylglycerides 98.9–99.3 99.6–99.7 99.4–99.8
Diacylglycerides 0.59–0.98 0.23–0.29 0.06–0.49
Cholesterolþ free fatty acids 0.07–0.12 0.07–0.10 0.02–0.17
Monoglycerides <0.01 <0.01 <0.01
Polar lipidsc) (% wt/wt of phospholipid)
Phosphatidic acid <0.01 ND ND
Phosphatidylethanolamine 23.4–46.7 26.9–46.1 26.1–43.0
Phosphatidylinositol 0.10–9.0 2.21–9.4 1.53–6.4
Phosphatidylserine 0.12–9.1 2.41–14.0 1.61–10.7
Phosphatidylcholine 25.9–33.2 27.4–31.6 26.4–30.5
Sphingomyelin 19.8–25.4 16.1–27.3 22.3–29.7
Fatty acidc) (g/100 g fatty acids)
4:0 3.3–3.2 2.0–2.6 2.5–4.0
6:0 1.6–2.1 2.4.2.9 2.0–2.6
8:0 1.2–1.3 2.7–2.7 1.8–2.5
10:0 3.0–3.1 8.4–9.7 6.0–7.5
12:0 3.1–3.3 3.3–4.3 3.2–3.7
14:0 9.5–12.1 9.6–10.3 11.2–11.9
cis-9 14:1 0.7–1.1 0.09–0.16 0.14–0.20
16:0 26.5–32.2 24.6–27.7 25.2–29.3
18:0 8.9–14.6 9.7–12.5 11.8–12.6
P
trans 18:1 1.3–7.2 2.1–3.0 1.8–2.9
P
cis 18:1 19.3–24.1 19.4–24.0 19.9–25.0
cis-9, trans-11 CLA 0.1–1.9 0.4–3.7 0.4–2.7
P
18:1 18.1–29.8 28.5 20.0
P
18:2d) 1.2–3.0 1.9–4.3 1.6–3.6
P
18:3d) 0.3–1.8 0.3–1.2 0.5–2.3
P
CLAd) 0.2–2.4 0.3–1.2 0.6–1.1
P
SFAd) 55–73 59–74 57–75
P
MUFAd) 22–30 22–36 23–39
P
PUFAd) 2.4–6.3 2.6–5.6 2.5–7.3
Vitamin concentrations (μg L1)e)
A 378–520 400–622 438–830
D 0.30–1.32 0.25–1.10 1.80–1.80
E 700–1120 300–670 1100–1100
K 2.1–19.7 – –
Data are the range between minimum and maximum (adapted from Ref. [243]).
a) Data reported in Refs. [7,243]; b)data from Ref. [15]; c)data from Refs. [10,244];
d)data from Refs. [9–11,14,243]; e)data from Refs. [7,51,245–252].
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phosphatidylethanolamine (PE; 19.8–42%), sphingomyelin (SM;
18–34%), phosphatidylinositol (PI; 0.6–13.6%), and phosphati-
dylserine (PS; 1.9–16%) as major constituents, which are found
in similar proportions among ruminant species,[9–11] with the large
variability being attributed to methodologies used for PL extrac-
tion.[10] The SM, which is composed of sphingosine, a PE or a PC
group and a FA (rich in long-chain saturated FAs), is the most
abundant sphingolipid, but small amounts of lactosyl- and glucosyl-
ceramides were found in the MFGM of bovine species.[12] The
glycerophospholipids are rich in unsaturated fatty acids with low
melting points contributing to membrane fluidity, such as dioleoyl
phosphatidylethanolamine, which is one of the most abundant.[13]
The FA composition of the total PL fraction is similar between
caprine and bovine milk, whereas differences were reported for
ovine milk such as a lower content of saturated short- and
medium-chain FAs and a higher content of long and very long-
chain FAs.[9] In bovine and caprine milk, the MFGM is richer in
unsaturated FA than the core of the MFG due to their high
concentrations of polar lipids.[14]2.3. Proteins of the MFGM
Milk proteins belongs to three main groups namely: caseins,
whey proteins, and the mucins that are the proteins included in
the MFGM. Caseins and whey proteins constitute the largest
group, while MFGM contains 1–4% of milk proteins that are
present in the central and external layers as loosely attached and
transmembrane proteins.[3,15–17] Over the last 15 years, the
mapping of milk proteomes has generated more than 100
publications with the aim of identifying proteins usable for
monitoring metabolic status, performance, health, and disease
in ruminants as well as to discover beneficial food bioactive
proteins.[16,18] Proteomics has also been used to connect
fluctuations in milk protein components and isoforms to
technically relevant milk properties for the dairy industry.[3,19]
To give the widest overview of the MFGM proteome in
ruminants, we used the three publications that reported the
highest number of proteins identified in bovine (1012 proteins;
iTRAQ labeling and LCxLC-MS/MS[20]), ovine (1095 proteins;
LC-MS/MS[21]), and caprine (520 proteins; iTRAQ labeling
and LC-MS/MS[22]) milk. These studies were also representative
of a mid-lactationmilk from healthy animals or with mastitis (the
main studied variation factor). Data from these three publications
weremerged and compared to produce a reliable (intersection list)
atlas of MFGM proteins in dairy ruminants.
Among the 203 common proteins in the MFGM of the three
species (Figure 2), the eight major MFGM proteins proposed by
the nomenclature[23] were identified as mucin 1 (MUC1), the
redox enzyme xanthine dehydrogenase/oxidase (XDH/XO),
platelet glycoprotein 4 (CD36), butyrophilin (BTN), perilipin-2
(PLIN2, previously named adipocyte differentiation related
protein or adipophilin), fatty-acid binding protein (FABP),
mucin 15 (MUC15, previously named period acid Schiff III),
and lactadherin (MFGE8, previously named periodic acid/Schiff
6/7), which thus validate this atlas.
Of the 203 identified proteins in the MFGM of the three
species, 202 were assigned to 1536 terms for associated biological© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 27)
Figure 2. Venn diagram depicting numbers of MFGM proteins reported
in cows, ewes, and goats (intersection list), or specifically reported in two
or one species. The lists of 1095 MFGM proteins from ewes, 1012 from
cows, and 520 from goats were collected from the Supporting Information
from Refs. [20–22], respectively. All identifiers were homogenized and
converted into “Gene Name” with UniProt database search engine to
generate an atlas of proteins present in ruminant milk. The data mining
was done using 1085, 970, and 487 gene names from ewe, cow, and goat,
respectively.
www.advancedsciencenews.com www.ejlst.comprocesses (BP), cellular components (CC)andmolecular functions
(MF) as proposed by gene ontology (GO) annotation. GO term
enrichment (BP, CC, orMF) was computed using the web service
ProteINSIDE[24] to identifyoverrepresented termsandunderstandFigure 3. Enriched GO terms of the Biological Process ontology group that
membranes and that we proposed as a robust atlas of MFGM proteins. The
log10 (p-value) to visually plot them on graphs (log10 (p-values) of 3, 2, 1.3 c
adjusted using the Benjamini and Hochberg correction. Total numbers of p
proteins are listed on the right side of the histogram.
Eur. J. Lipid Sci. Technol. 2018, 120, 1700039 1700039 (4the biological meaning behind the list of the MFGM proteins. Of
these 202 proteins, 67 and 27 were annotated by the enriched CC
terms “plasma membrane” and “endoplasmic reticulum,”
respectively, in accordance with these cellular origins of the
MFGM.
Most interestingly, 8 of the 30 most significant BP-enriched
terms (Figure 3) were related to lipids or cholesterol metabolism.
Of these, the GO BP term “lipid metabolic process” annotated 14
proteins, including three classical mammary lipogenic enzymes
lipoprotein lipase (LPL), acetyl-CoA carboxylase 1 (ACACA), fatty
acid synthase (FASN), and glycosylation-dependent cell adhesion
molecule 1 (GLYCAM1), whereas the others were rarely or never
related tomammarymetabolism, as, for example,NSDHL (Sterol-
4-alpha-carboxylate 3-dehydrogenase decarboxylating), which is a
cholesterogenic enzyme involved in the synthesis of intermediates
in cholesterol synthesis, and referred to as meiosis-activating
sterols.[25] Fourof the top thirty enrichedGOBPtermswere related
to hormone responses “response to 11-deoxycorticosterone,”
“response to dehydroepiandrosterone,” “response to progester-
one,” and “response to oestradiol” in agreement with the role and
importance of steroids on mammary function and milk produc-
tion.[26] Lastly, twoof the topenrichedGOBP termsare “regulation
of cell shape” and “actin cytoskeleton reorganization” (Figure 3),
which is in line with the mammary tissue remodeling associated
with the decrease in milk yield from mid-lactating animals.
Whether these minor proteins identified in the MFGM are
regulating molecules or indicators of key mammary biological
processes largely remains to be studied.annotated 202 proteins identified in cow, ewe, and goat milk fat globule
results were obtained from ProteINSIDE. Enrichments are expressed as
orrespond to p-values of 0.001, 0.01, and 0.05, respectively). p-Values were
roteins annotated by GO terms are in brackets. The gene names of the
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 27)
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revealed 495, 558, and 116 proteins specifically identified in
cows, ewes, and goats, respectively, as the results of species
specificities and/or as differences in proteomic methods.
Despite this limitation, it could be noted that 29, 20, and 5
enriched GO BP terms related to lipid or FA annotated ovine,
caprine, and bovine “specific” proteins. Whether this result is in
line with the highest lipid concentration in ovine milk or to
species specificity in mammary lipid metabolism remains to be
studied. These “species-specific” proteins did not share any of
the 30 most significant BP enriched terms, while they shared 9
over the 30 most significant MF enriched terms: “ATP binding,”
“GTPase activity,” “cadherin binding,” “RNA binding,” “GTP
binding,” “protein homodimerization activity,” “hydrolase
activity,” “nucleotide binding,” and “metal ion binding.” This
suggests that these molecular functions are important for
mammary physiology and that they are ensured by proteins that
could differ between species.2.4. Vitamins Associated with Lipids
Within the fatdroplets, in thecreamfraction, are the four lipophilic
vitamins A, D, E, and K, as well as several carotenoids, among
which pro-vitamin A carotenes.[27] Moreover, a small percentage
(5%)ofmilk riboflavin (vitaminB2)wasalso reported tobe linked
to the MFGM, accounting for 100μg L1.[28]
The vitamin A content in food, including milk, is expressed in
retinol activity equivalent (RAE), since retinol is considered as
the most abundant form found in the body. Other molecular
forms having vitamin A biological activity and belonging to the
retinoid family exist,[29] but only a limited number of these
compounds are present in milk. Recently, Rocchi and co-
workers[30] showed that cow’s milk vitamin A was largely in a
retinol-esterified form, especially retinyl palmitate and retinyl
oleate (41.7 and 34.4% of total RAE, respectively), with free
retinol only representing 6.1% of total RAE. Other recovered
compounds were retinyl myristate, linoleate, heptadecanoate,
and stearate, but cow’s milk did not contain retinal, retinoic acid
or retinyl caprylate, caprate, arachidonate, palmitoleate, linolen-
ate, or eicosanoate.[30] Composition in vitamin A esters is also
largely dominated by retinyl oleate and palmitate in small
ruminants’ and buffalo’s milk. Minor species differences exist
however. In buffalo’s milk retinyl palmitate is two thirds of their
sum whereas in goat’s milk the proportions are equal. Small
ruminants’milks are richer in retinyl heptadecanoate but poorer
in retinyl linoleate than cow’s milk. Retinyl caprate is only
observed in goat’s milk whereas retinyl myristate is lacking in
buffalo’s milk.[30] In addition, cow’s milk also contains carotenes
and especially all-trans-ß-carotene (and to a lower extent the 9-cis
and 13-cis isomers and traces of ß-cryptoxanthin), which is the
major vitamin A precursor (1 RAE¼ 12 μg all-trans ß-carotene,
24 μg α-carotene, ß-cryptoxanthin or cis-isomers of ß-carotene),
with its concentration being of the same order as total retinol in
cow’s milk.[31,32] Retinol and retinyl esters in ruminant milk
result from pro-vitamin A carotenoid absorption (mainly from
the forage or some specific feedstuffs of the concentrate
counterpart such as alfalfa pellets) or preformed vitamin A
(usually as retinyl acetate) included in the diet as a complement.Eur. J. Lipid Sci. Technol. 2018, 120, 1700039 1700039 (5Pro-vitamin A carotenoids are enzymatically converted to retinol
by β-carotene mono-oxygenase during transfer through the
intestine cell wall, and retinyl acetate is only hydrolyzed at this
level to produce retinol.[29] In milk, members of the retinol
family and ß-carotene are located in the cream fraction, meaning
with the fat droplets.[33] Retinoid compounds in the milk have
been linked to several binding proteins, either specific, such as
cellular retinol-binding protein type III,[34] or unspecific, such as
ß-lactoglobulin,[35] or α and β-caseins.[36] Conversely, ß-carotene
is highly lipophilic and is always reported to be integrated inside
fat droplets whatever the biological matrix, whereas a study[35]
demonstrated that it could also bind to ß-lactoglobulin. However,
xanthophylls (lutein and zeaxanthin in milk), the non-provita-
min-A carotenoids, are less lipophilic than carotenes and are
components of the MFGM, and are more likely integrated inside
the lipidic membrane.
Tocopherols (vitamin E) are a group of eight naturally
occurring components with a common structure based on a
chromanol ring and a phytyl C16 side chain. For the tocopherols,
the side chain is saturated, whereas for the tocotrienols, three
double bonds are spread along the side chain.[37] For both
groups, four different molecular forms exist (α, β, δ, and γ),
according to the number and position of methyl substitutions on
the phenolic ring. The side chain of the molecule allows its
incorporation inside biomembranes, and the hydroxyl function
in the phenolic ring is the active site for free radical scavenging
and protection of lipids from peroxidation.[37] In most biological
matrices, including milk, α-tocopherol predominates and is
considered as the vitamin E form with the highest biological
activity, which is primarily antioxidant in nature.[38] In milk,
vitamin E is mainly located in the fat globule membranes[33] and
participates to maintain its integrity.[31] The rest of α-tocopherol
was ascribed to the fat globule core, where it was associated
sometimes with γ-tocopherol and traces of α-tocotrienol.[31,33]
The vitamins E found in ruminantmilk comes from the diet, i.e.,
from forages, concentrate feedstuffs such as oleaginous or plant
extracts, especially, or from vitamin supplements.
Among the 30 components belonging to the vitamin D family,
cowmilk is reported to naturally contain only cholecalciferol (D3,
from endogenous synthesis in the skin), its metabolites from the
liver (25-hydroxyvitamin) and kidneys (24,25-, 25,26-, or 1,25-
dihydroxyvitamins), and its precursor (7-dehydrocholesterol).
Moreover, in contrast to human milk, ergocalciferol (D2 from
plant origin, i.e., supplied by the diet) and its metabolites or its
precursor (ergosterol) are absent or rarely found in milk from
cows.[39–43] In decreasing order of their contribution to the total
vitamin D biological activity, the major contributors in cow milk
are 25-hydroxyvitamin D3 (62%), vitamin D3 (23%), 24,25- (10%)
and 1,25-dihydroxyvitamin D3 (4%), according to Reeve et al.,
[42]
but only the two first forms were quantified most of the time.[43]
In the milk, these components could be bound transitorily to
whey proteins but are more generally integrated into milk fat.[40]
A relationship was also established between milk vitamin D
content and β-lactoglobulin genetic polymorphism, with the
latter being well recognized for its ability to bind vitamin
D3.
[44,45] It is likely that, through this interaction, vitamin D3 is
able to bind the MFGM. It was initially reported that milk
whey also contains water soluble vitamin D in the form of
cholecalciferol sulfates, but it was finally demonstrated that this© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 27)
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activity.[41,46]
Vitamin K is the fourth and lesser known group of fat-soluble
vitamins. Their chemical structure is based on a 2-methyl-1,
4-naphthoquinone ring with a lateral carbon chain linked at the
3-position to the ring. Members of the vitamin K family differ by
the structure of the side chain and are grouped in two distinct
sub-families. Vitamin K1, (phylloquinone), produced by plants,
possesses a C20 phytyl chain, whereas the group of vitamins K2,
i.e., the menaquinones (MK-n), are of bacterial origin (with the
exception of MK-4) and have a side chain composed of a variable
number (n¼ 4–13) of isoprenyl units.[47] MK-4 synthesis is
possible in tissues from dietary phylloquinone or synthetic
vitamin K3 (menadione), the latter being a dietary supplement
used in animal husbandry.[48] Bovine milk contains low amounts
of phylloquinone (0.6 μg/100 g), MK-4 and very low concen-
trations of other MKs. In cheese or other fermented dairy
products, significant concentrations of MK-8 and MK-9 were
observed resulting from bacterial synthesis during the fermen-
tation process.[49] In milk, phylloquinone is mainly associated
with the lipid core of the fat globule but not its membrane
counterpart.[50] However, these latter studies observed a
significant content (25%) of phylloquinone in skim milk,
whereas vitamin K is generally considered absent from defatted
milk.[51,52] Comparison of the milk vitamin content between
ruminant species has rarely been performed in a same study,[53]
but rather more often through indirect comparisons from
published data[54] such as nutrient composition databases.
However, the available data are rather limited, and diet
composition, which is a strong driver of vitamin concentration,
is usually not reported in the literature. Consequently, reliable
indirect comparisons are difficult to produce. Table 1 presents
the range of mean values reported in the literature for the three
species (except vitamin K for which data are lacking for ovine and
caprine milks). For the three other vitamins, the general trend is
that the raw milk concentrations are generally in the same range
among species. Considering the above-mentioned limitations, it
seems that vitamin A concentration would be higher in ewe’s
milk than in other species, whereas vitamin E would be lower in
goat’s milk than in the two other species. Nevertheless, the
variability in the concentrations of vitamins D and E in the ovine
milk as well as unavailable data for vitamin K (Table 1) makes
comparisons to other species difficult.3. Effects of Dietary Lipids on Lipid
Metabolism in Dairy Ruminants
The content and composition of the milk lipid fraction in dairy
ruminants depends mainly from lipid metabolism in the rumen
and in the mammary gland (and in adipose tissue at early
lactation), with the plasma driving absorbed lipids to mammary
tissue (among other peripheral tissues).3.1. Rumen
Lipids from forages (galactolipids) and concentrates (TAG and
PL) are first hydrolyzed by microbial enzymes in the rumen withEur. J. Lipid Sci. Technol. 2018, 120, 1700039 1700039 (6plant enzymes that partially contribute to this step. Lipolysis is
almost complete. Second, free FA are then isomerized (thus
leading to the production of trans- and cis-isomers of 18:1, 18:2,
and 18:3) and hydrogenated by bacterial enzymes, a pathway
known as ruminal biohydrogenation (RBH).[55] The major
isomerization and hydrogenation processes were described
first[56] and later further reviewed and refined.[6,55,57] Due to
RBH, the duodenal contents are rich in several cis- and trans-
isomers of 18:1 and 18:0, the end-product of RBH, and contain
few 18:2, CLA and 18:3 isomers.[58] Odd and branched FA are de
novo synthesized from bacteria.[59] Disappearance of 18:2n-6 and
18:3n-3 is high and close to 80 and 90%, respectively.[57]
Nutritional factors are susceptible to modifications of
duodenal flow and proportion of each FA. The major factors
are forage/concentrate ratio (F:C) and the associated starch level,
lipid supplementation and their interaction. Diets rich in
concentrate minimize 18:2n-6 and 18:3n-3 RBH with a shift of
trans-11 18:1 to trans-10 18:1 in the rumen due to a decrease in
pH values. Increasing the F:C ratio induces higher odd- and
branched-chain FA contents in duodenal flow, particularly
anteiso 15:0.[60] Changes in ruminal bacteria number with
enhancement of cellulolytic bacteria and decreases in amylolytic
bacteria result in higher and lower production of iso FA and
anteiso FA, respectively.[61] Supplementation with oils rich in
18:2n-6 (e.g., sunflower) increases duodenal contents of Δ8,10,
Δ9, 11, and 10,12 CLA, trans-11 and trans-10 18:1. Supplemen-
tation of 18:3n-3-rich oils (linseed, rapeseed, camelina) produces
cis-9,trans-11,cis-15 18:3, trans-11,cis-15 18:2, trans-11,trans-13
and trans-11,cis-13 CLA, trans-11 and trans-13 18:1 at the
duodenal level.[6,57] Fish oil (FO) contains long chain FA (EPA
or/and DHA), which are biohydrogenated to unsaturated FA
with 20–22 carbon atoms. These FA limit the saturation of trans-
18:1 to 18:0.[6,57] Dietary PUFA have inhibitory effects on rumen
bacteria, and this inhibition increases with unsaturation of FA
and with trans compared to cis double bonds. FO supplementa-
tion decreases even-iso FA and increases odd-iso FA.[61]3.2. Plasma Lipids
After being largely metabolized by rumen microbes (Section
3.1), the products of the dietary lipids (non-esterified FA (NEFA),
TAG, and microbial PL) are further digested within the small
intestine and are absorbed by the intestinal mucosal cells, in
which TAG and PL are synthesized and packaged into
lipoproteins (chylomicrons (CM) and very-low density lip-
oproteins (VLDL)) that are secreted to the plasma via the
lymphatic system. The cholesterol esters (CE) are synthesized in
high-density lipoproteins (HDL) that are formed in the liver and
the small intestine and that contain high quantities of cholesterol
and polar lipids.[62] In addition, acetate and 3-hydroxybutyrate
resulting from ruminal fermentation of carbohydrates and
rumen epithelium absorption are present in the circulation.
Lipids are thus circulating in the blood under different forms
including a majority of CE and PL and a minority of NEFA and
TAG, the latter being uptaken by the mammary gland for milk
lipid synthesis.
Some studies have reported the effects of diets based on grass
or supplemented with lipids and rich in cis-9 18:1 (in oleic© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 27)
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seeds, and linoleic sunflower oil or seeds), 18:3n-3 (in grass or
linseeds and oil), and 22:6n-3 (DHA in FO and marine algae oil
or biomass). Their effects on plasma FA have been studied using
different methodological approaches, either by analyzing the FA
profile in total plasma or in lipids or lipoprotein classes of
plasma, or by quantification of lipid classes by enzymatic
analyses. Using the latter method, the available data report
discrepancies in the responses of the lipid class concentrations to
diets supplemented with lipids.[63–65] Otherwise, when the total
FA in plasma was considered, it did not give FA location
information on the different plasma lipid species. Indeed, it has
been shown that the fraction of FA from dietary supplements
that escapes RBH is incorporated into different plasma fractions
according to their nature; oleic acid is mainly incorporated into
PL, TAG, or NEFA[66]; linoleic and α-linolenic acid are primarily
incorporated into CE and then PL[66–68]; DHA and EPA are
mainly found in PL and CE.[69,70] Data reporting the effects of
dietary treatments on the FA compositions of TAG and NEFA
fractions are scarce, whereas these FA are those available for
mammary uptake. Otherwise, a recent study[71] conducted on
lactating cows supplemented with Echium oil rich in PUFA
reported the absence of an increase in n-3 PUFA in plasma TAG
when the quantity of ingested oil was doubled. These data raised
the question of the location of the absorbed dietary FA as well as
their metabolism in the plasma. A better understanding of
metabolic changes generated by lipid supplementation on
circulating FA (incorporation in the different lipid fractions)
in ruminants is crucial to understand the transfer efficiency of
PUFA into milk as a prerequisite for their management.3.3. Mammary Gland
3.3.1. Synthesis and Secretion of Milk Fat
Milk FA have the two origins: de novo lipogenesis in mammary
epithelial cells (MEC) and MEC uptake of the circulating FA.
Regardless of their origin, these FA may be desaturated in the
MEC by Δ-9-desaturase enzymes. Finally, FA are esterified to
glycerol generating TAG secreted into the alveolar lumen as fat
globules.
The de novo synthesis gives rise to the formation of short- and
medium-chain FA (4:0–16:0) that represents 40% of the milk
FA with a large part of the 14:0 (95%, depending on the diet
composition) and 50% of the 16:0 secreted in milk.[72] In
ruminants, this synthesis is essentially based on acetyl-CoA and
butyryl-CoA formed from plasma acetate and 3-hydroxybutyrate.
This pathwaymainly involves two cytosolic enzymatic complexes
as follows: acetyl CoA carboxylase (ACACA) and fatty acid
synthase (FASN).
Long-chain FA (C18 and one-half of the C16:0) represent
60% ofmilk FA. These FA are imported from the plasma. They
come from the hydrolysis of TAG circulating in chylomicron or
very low-density lipoprotein (VLDL), in sn-1 (3) position by
LPL, or fromNEFA bound to albumin in the plasma, particularly
at the beginning of lactation.[73]
In MEC, FA of 10–20 carbon atoms can be desaturated by
stearoyl-CoA desaturases (SCD1 and SCD5) as follows: theseEur. J. Lipid Sci. Technol. 2018, 120, 1700039 1700039 (7enzymes are located in the endoplasmic reticulum and introduce
a cis double bond at position 9 of a set of FA. The desaturase
activity plays a particularly important role in ruminants because
it reverses the strong RBH that occurs on dietary unsaturated FA
in the rumen (thus saturation). Indeed,  60% of oleic (cis-9
18:1), 50–56% of palmitoleic (cis-9 16:1), 90% of myristoleic (cis-
9-14:1), and >60% of the major isomer of CLA (cis-9, trans-11
18:2 or rumenic acid) originate from mammary synthesis due to
the action of the SCD enzyme on circulating stearic (18:0),
palmitic (16:0), myristic (14:0), and vaccenic acids (trans-11 18:1),
respectively,[55,74–76] in cows, goats, and ewes.[74] Consequently,
by reducing the melting point of FA, SCD contributes to the
fluidity of the milk fat.3.3.2. Nutritional Regulation of Mammary Lipogenic Gene
Expression
Addition of lipids to the diet offers a model for studying the
nutritional regulation of mammary lipogenesis, particularly
lipogenic gene expression. Indeed, in recent decades, several
studies have been conducted in ruminants to relate the effects of
diet on milk fat composition to the expression of lipogenic genes
(through mRNA abundance and/or enzyme activity measure-
ments). These studies have been mainly conducted with dietary
conditions that inducemilk fatdepression(MFD) tounderstand the
mechanisms driving milk fat synthesis and its regulation. To
achieve this goal, lactating cows, goats, or ewes were fed with diets
containing lipid supplements from plants, derived from marine
products, a combination of them, or with addition of specific FA,
such asCLA isomers. The corresponding responses of genes of the
majormammary lipogenicpathways (denovo synthesis, longchain
FA uptake and transport, TAG synthesis, and FA desaturation) as
well as their regulatory elements (transcription factors) were
investigated in studies that have been previously reviewed[55,77,78]
and are updated in the present review to constitute a “database”
(Table 2), from which some major tendencies were drawn.
In cows, the addition of plant lipids to starch-rich diets causes
MFD (up to 43% of milk fat yield) that occurs in concert with a
dramatic decrease of the expression of the main genes involved
in de novo FA synthesis (ACACA, FASN), long chain FA uptake
(LPL), or TAG synthesis (AGPAT, GPAT).[79,80] Similarly, in cows,
the use of marine products alone[81] or in combination with plant
lipids[82,83] induces a dramatic decrease in milk fat yield (up to
50%[83]) associated with a lower expression of the genes
involved in de novo synthesis, and/or long chain FAuptake, TAG
synthesis and transcription factor SREBP1. Conversely, in a
study using rumen-protected FO or microalgae in cows,[84]
effects were neither observed on milk fat yield or in lipogenic
gene expression, except for a decrease of SREBF1 expression
(15%). This absence of effect on milk fat yield is probably due
to the protection treatment of oil that avoids any disturbances of
ruminal metabolism and suggests that long-chain PUFA had no
effect on mammary gene expression.
Conversely, in goats, the addition of plant lipids even with
starch-rich diets did not affect milk fat yield,[85] with a decrease in
milk medium-chain FA secretion, which is largely compensated
for by the increase in long-chain FA. Moreover, no variation in
expression of lipogenic genes was detected.© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 27)
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diets[86] or FO[87] had no negative effect onmilk fat yield, whereas
FO in Ref. [88] induced MFD (22% fat yield). Under these
conditions, moderate variations of lipogenic genes were
observed.
In cows, the abomasal infusion of trans-10,cis-12 CLA
causes a MFD with a concomitant decrease in milk fat
yield (48%) and lipogenic gene expression (FASN, ACACA,
SCD, LPL, FABP, GPAT, AGPAT).[89] In goats, whereas
addition of trans-10,cis-12 CLA at 0.2% DM had no effect on
milk fat yield, a decrease of 19% was observed for an addition
of 0.4% DM without impacting mammary lipogenic gene
expression.[90]
In sheep, addition of amixture of CLA isomers (cis-9, trans-11/
trans-10,cis-12) causes a 22–30% decrease of the milk fat
yield,[87,91,92] with a concomitant decrease in the expression of a
set of mammary lipogenic genes (ACACA, FASN, SREBF1,
INSIG1, LPL).
From all the studies on the nutritional regulation of genes
involved in mammary lipogenesis, the regulation of SCD1 gene
was found to differ from other lipogenic genes with either no
significance or decreased down-regulation.[79,81,93] Thus, it was
hypothesized that the responses of lipogenic genes and SCD1 to
dietary factors that induce MFD in cows occur as a two-step
phenomenon, first with a downregulation of lipogenic genes
followed by SCD1.[74]
Finally, in cows, both the addition of plant lipids in starch-rich
diets and the addition of marine lipids induce a decrease in milk
fat secretion and in the expression of most lipogenic genes,
whereas in goats, MFD does not occur, and sheep present
intermediary responses.
However, the level of regulation (transcriptional, post-
transcriptional, translational, or post-translational) of these
lipogenic genes remains to be precisely understood, as well as
the implications of other genes or regulatory mechanisms
(miRNA, etc.).4. Effects of Dietary Feedstuffs Rich in n-3
PUFA on the Milk Lipid Fractions
The following section reports recent data on the effects of n-3
PUFA-rich feedstuffs such as grass or lipid supplements
(linseed, rapeseed, camelina, and marine products) used to
improve the nutritional quality of milk lipid components.4.1. Milk Yield, Fat Content, and FA Composition
4.1.1. Grazing
Due to the lipid and FA (particularly α-linolenic acid) contents in
herbage, grazing represents a good strategy to improvemilk lipid
composition in ruminant species.
Milk and fat yields in grazing cows are lower compared to
those of indoors cows,[84] suggesting a lower DMI at
pasture.[94,95] In contrast, grazing cows have higher milk yield
than that of zero-grazing cows due to the grass selection of the
leafy and digestible parts of grass.[96]Eur. J. Lipid Sci. Technol. 2018, 120, 1700039 1700039 (1Grazing increased milk concentrations of FA with interesting
healthful properties (oleic, α-linolenic, vaccenic and rumenic
acids), whereas SFA decreased, compared to milk from confined
cows.[6]
As observed in cows, milk fat content was higher in grazing
goats compared to that in indoor animals,[97–99] and an
interaction with genetic parameters (breed) has been found.[97]
In addition, the milk fat content of FA presenting potential
beneficial effects on human health increased from pasture
grazing in small ruminants. Indeed, the cis-9,trans-11 CLA
content in milk fat of sheep[100,101] and goat[100,102] grazing
spring-pasture (early growth stage of grass) increased signifi-
cantly compared to indoor diets. In particular, studies with
grazing goats specifically showed high levels of 18:3n-3, C20:5
n-3, and total n-3 PUFA or vaccenic acid and CLA.[99,102,103]
Similar results were obtained from comparing ewes fed hay
indoors to those grazing fresh low mountain pastures with
higher milk content of CLA and LCFA.[101]4.1.2. Organic Versus Conventional Milks
Few studies have reported the influence of organic versus
conventional systems on milk fat content and FA profile. Due to
the importance of grass in the diet for organic farms and the
increasing contribution of organic systems to the dairy sector,
their influence on milk fat yield and composition is reported
here.
Generally, milk yield from organic cows decreased as
compared to that from conventional cows, probably because
of less concentrate intake or lower energy intake from forages.
The analysis of dairy fat content data for organic compared to
conventional milks leads to contradictory conclusions (either
comparable, inferior, or superior[104]) without clear explanations.
Higher milk fat contents in organic systems could be due to the
use of native breeds (notably Jersey) instead of Holstein cows.
Another possible explanation is the use of rich-starch concen-
trates or concentrates containing lipids in conventional systems,
which are susceptible to decreasing milk fat content.[104]
Comparisons between milks from the two farming systems
(organic or conventional) with similar species and diet
conditions (the main factors influencing milk FA composition)
would be necessary, but this is rarely the case from the literature.
Contradictory results were obtained for milk even-chain SFA
concentrations. For monounsaturated FA (MUFA) and PUFA
concentrations, the results are consistent with higher concen-
trations of 18:3n-3, EPA, DHA, trans-11 18:1, cis-9,trans-11 CLA
for organic rather than with conventional milks no matter the
country, suggesting that organic cows received higher amounts
of pasture and grass or clover silage than conventional
cows.[104,105] The increased milk EPA and DHA concentrations
is then explained by the probable use of concentrates
supplemented with FO in organic cows.[104] Compared with
milk from conventional farms, organic milk has lower
concentrations of 18:0 and cis-9 18:1 associated with higher
forage proportions and differences in FA concentrations in
concentrates.[106]
Regulations concerning organic systems (duration of grazing
period, forage amount in the diet) vary among countries© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1 of 27)
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countries.[104]
The effect of organic production systems on small ruminant
milk quality has also been investigated, particularly in
Mediterranean countries. In Spain, a comparison between milk
from organic and conventional systems showed significantly
higher values of MUFA and PUFA, including cis-9,trans-11 CLA,
while SFA decreased in milk.[107] Additionally, two studies
conducted in Greece on conventional or organic dairy sheep and
goat farms showed either similar[108] or lower fat[109] content in
the organic sheep and goat milk compared with the correspond-
ing conventional milk. In addition, the organic milk from sheep
had higher contents of MUFA, n-3 PUFA and cis-9,trans-11 CLA
whereas in organic goat milk 18:3n-3 and n-3 FA contents were
higher than those of conventional milk.[109] These differences
were mainly attributed to different feeding practices used by the
two production systems.4.1.3. Lipid Supplements
Among the lipid supplements rich in n-3 PUFA used in
livestock, the effects of linseed and rapeseed on milk yield and
composition have been reviewed,[6,78,110] and the present review
will mainly report data on the use of these two lipid supplements
in grazing animals. Additionally, there is increasing interest in
the use of camelina or marine products such as algae; both
sources are mainly dedicated to animal nutrition (and do not
compete for human nutrition). In addition, camelina is an
ancient oilseed crop that requires low inputs for production, thus
representing an alternative resource in the context of adaptive
and resilient farming systems in ruminants.
Fat supplementation of grazing cows had contradictory effects
on milk yield (no or positive effect,[94]). Generally, milk fat
content increased with saturated fat supplements and decreased
with unsaturated fat supplements.[94] Nevertheless, a study[111]
reported no effect of increasing doses of linseed oil (LO) on milk
fat content in grazing cows.
Milk yield did not change among cows having 20 h access to
grazing pasture and supplemented or not with rapeseed oil (RO)
or LO.[112] In the same study, RO supplementation decreased the
milk fat content compared to control cows, whereas LO had no
effect.[112]
In grazing cows, milk SFA concentration is similarly
decreased by RO or LO and MUFA concentration is increased
more by RO than LO.[112] Milk trans-FA increased more with LO
than RO. The pattern of milk concentrations of RBH
intermediates differed between oil supplementation treatments:
RO increased concentrations of milk cis-9 18:1 and trans-7,cis-9
CLA, whereas LO increased cis- (15 and 16) and trans- (11, 13/14,
15, and 16) isomers of 18:1 and cis-9,trans-11 CLA. Additive or
synergistic effects between pasture and LO supplementation
could be expected; contradictory results are obtained with
decreasing[112] or increasing[111,113] 18:3 n-3 concentration by LO.
Concentrations of conjugated isomers (cis-9,trans-11,cis-15 and
cis-9,trans-13,cis-15) of 18:3 increased with LO compared to those
of a pasture diet.[112,113]
In goats, few studies including diets supplemented with
linseed oil or seeds (for a review see Ref. [114]) have beenEur. J. Lipid Sci. Technol. 2018, 120, 1700039 1700039 (1conducted. Goat milk does not show any decrease in fat content
after adding plant oil PUFA, even when associated with high-
concentrate diets, contrary to the cow.[73,114] Little data is
available with grazing goats supplemented with linseed and
reports an increase in milk fat content and yield.[115,116]
Otherwise, in these studies, milk SFA concentration decreased
and PUFA concentrations increased mainly 18:3n-3. Moreover,
addition of linseed supplements to grazing goat decreased the
milk 18:2n-6 and increased the cis-9,trans-11 CLA isomer
concentrations[115,116] but in a lesser extent (by 1.2- to 1.6-fold)
than goats fed hay-based diets (by 5- to 10-fold[117,118]). In ewes,
the addition of linseed in grazing animals had no effect on milk
fat content.[119] Otherwise, as observed in goats, inclusion of
linseed to the concentrate in grazing ewes increased the milk
and cheese content of unsaturated FA, mainly 18:3n-3, and cis-9,
trans-11 CLA.[119]
Finding an alternative to linseed is interesting, and camelina
(Camelina Sativa L.) oil (CO) or seed (CS) responds to different
requirements (a high drought tolerance, adaptability to changes
in climatic and soil conditions).[120] CO is a rich source of
C18:3n-3 (37% of total FA) and C18:2n-6 (15%). Few studies have
reported the effect of CS or oil supplementation on milk yield
and composition in cows. CO supplementation of red clover
silage-based diets[121] did not change milk yield or composition.
In contrast, CO supplementation of grass silage diets[122]
decreased milk yield and milk fat content, as well as with CS
supplementation of maize silage diets.[123] Increasing doses of
CO reduced milk yield without changing milk fat content.[124]
This decreased milk yield is associated with a reduced DM
intake.
Camelina supplements decreased milk SFA concentrations.
Supplementation of red clover silage alone or associated with
grass silage with CO resulted in higher trans-11 18:1, cis-9,
trans-11 CLA, trans-13 to trans-16 18:1, Δ11,15 18:2, Δ12,15 18:2,
cis-9,trans-13 18:2, Δ11,13 CLA, Δ12,14 CLA, and Δ13, 15 CLA,
cis-9,trans-11,cis-15 and cis-9,trans-11,trans-15 of 18:3.[121,124]
These alterations are in agreement with changes in milk FA
composition observed in cows fed linseed.[112] Slight increases in
milk 18:3n-3 concentrations with CO or CS were reported
regardless of basal diet,[121–124] suggesting an extensive RBH of
18:3n-3 from this seed.
Similar to cows, addition of CS in grazing versus part-time
grazing dairy ewes increased milk fat content and fat yield.[125]
Moreover, dietary supplements of camelina added as seed[125]
or cake[126,127] generated a higher concentration of MUFA,
especially trans-11 C18:1, in milk fat, and resulted in an increase
in the concentration of C18:3 and cis-9,trans-11 CLA. As observed
in ewes, the administration of camelina cake to goats caused an
increase in the proportion of PUFA, including CLA and n-3
FA.[128,129]
FO andmicroalgae (rich in DHA) supplementation in grazing
cows did not change milk yield but decreased milk fat content
compared to control diets for grazing or confined cows.[130]
These two supplements decreased milk SFA (12:0–16:0) and
increased trans-18:1 and n-3 long chain PUFA in grazing
cows.[130] These effects were greater with microalgae than those
with FO due to the higher content of DHA in microalgae, which
is a strong inhibitor of RBH. The milk trans-11 18:1 and cis-9,
trans-11 CLA concentration increased with marine supplements© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2 of 27)
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In grazing goats, milk fat content and yield were not altered by
dietary FO supplementation.[115]4.2. Fat Globule Membrane
In milk from cows fed linseed supplement in maize silage-based
diets or under organic management compared to control or
conventional diets, respectively, the concentrations of PL (SM,
PE, PS, PC, PI) of the MFGM were higher, without alteration of
their relative abundance in the milk fat fraction.[131,132]
Moreover, the FA composition of the milk PL from cows fed
the linseed supplemented diet was characterized by higher levels
of 18:0, trans-18:1 isomers, cis-9 18:1 and 18:3n-3.[131] Thus far,
no information is available on the effect of lipid-supplemented
diets on PL composition in small ruminant species.4.3. Proteins of the Milk Fat Globule Membrane
Currently available results in dairy ruminants mostly provide a
mapping of MFGM proteomes. Feeding strategies influence the
yield of the isolated MFGM material[133]; however, their impact
on the MFGM proteome remains to be studied. Indeed, to date,
few studies have reported variations in proteome compositions
and these have been assayed according to species,[22,134–136]
mastitis,[20,21,137,138] stage of lactation,[139–142], breed,[143] or milk
processing.[144]4.4. Vitamins Associated with Lipids
Most of the available studies that report data on the effect of
dietary conditions on milk vitamins are from cows. The general
trend is that in cows, the levels of fat-soluble vitamins (A, E, and
β-carotene) in milk are dependent on the amounts of these
compounds consumed. Usually, retinol concentrations are less
variable than those of β-carotene, because circulating retinol
concentrations in blood are submitted to a highly regulated
process due to its important physiological functions (see in
Section 7.3). For β-carotene, the highest levels are normally
found during spring and summer, when the cows are fed on
fresh carotene-rich pastures that are the highest sources of β-
carotene and a significant source of α-tocopherol. Indeed,
experimental milks of cows at pasture contain up to 5mg g1 fat
for β-carotene and retinol whereas values range from 1 to
2.5mg g1 fat for β-carotene and 2.8 for retinol, in maize silage
fed cows.[32] Additionally, α-tocopherol concentrations inmilk fat
increase linearly with its intake in cows.[145] Values ranged from
0.63 μgmL1 in the milk of cows at pasture to 0.48 μgmL1 for
grass silage-, hay- or maize silage-based diets.[146] More recently,
it was demonstrated that dietary fat supplements rich in n-3
PUFA increased milk fat-soluble vitamin concentrations in
cows. Puppel and co-workers[147] observed significant increases
of milk β-carotene (0.45–1.11mgL1), retinol (1.06–1.25mg
L1), and α-tocopherol (1.31–1.88mgL1) concentrations when
cows received a dietary lipid supplement composed of FO and
whole linseed (250 g and 150 g d1, respectively) in a mixedEur. J. Lipid Sci. Technol. 2018, 120, 1700039 1700039 (1ration based onmaize and alfalfa silages plus concentrate. These
authors also observed a different response coefficient to the lipid
supplement according to the phenotypic variant of β-lactoglobu-
lin, likely in line with modifications in the binding sites of the
vitamin compounds on this protein that alter or improve the link
between them. This also suggests a role for β-lactoglobulin in
the regulation of vitamin concentrations in milk. Moreover, the
production of CLA resulting from PUFA dietary intake could
also favor the secretion of retinol and tocopherols (α- and γ-) in
milk. According to a study using rumen protected-CLA as a
supplement given to cows, this process would likely occur not
through mammary LPL activity (suspected to play a critical role
in the delivery of fat-soluble vitamins as well as FAs to peripheral
tissues, but that is recognized to be down-stimulated by CLA),
but rather through receptor-mediated lipoprotein (HDL and/or
LDL) uptake.[148] Dietary fat supplements (such as extruded
linseed or rapeseed, fat rapeseed meal or whole rapeseed) also
favored carotenoid absorption by cows fed an herb-based diet (as
silage and hay in winter or as pasture in spring–summer) as
illustrated by an increase in their plasma concentrations
(from 4.70 μgmL1 for control cows to 5.89–6.58 μgmL1 for
fat-supplemented cows).[149] In this study, and in agreement
with the quantitative relationship between plasma and milk β-
carotene observed,[145] the dietary fat supplements induced an
increase in milk all-trans β-carotene concentrations, but this
effect appeared only at the beginning of the grazing period for
cows receiving extruded linseed or fat rapeseed meal, suggesting
the involvement of other factors.[149] In this work, retinol and
α-tocopherol concentrations were also increased simultaneously
in the milks of these cows but not in their plasma, which could
not yet be explained (Graulet, unpublished data).
However, in commercial farms, animal variability and the
effect of the nature of forage are limited due to mixing of
individual milks in the tank and to specific dietary vitamin
supplementations (A and E) in the concentrate.[54] Indeed, under
practical conditions of herd management, vitamin A supple-
mentation has no effect on retinol concentration of dairy
products when herds are fed at pasture, whereas it is the main
factor contributing to the concentration of retinol in milk when
cows receive mostly preserved forages.[150]
Data concerning vitamins D and K are still lacking to
evaluate the factors contributing to their respective milk
concentrations and ways to potentially increase their secretion
with milk fat.[54]5. Specificities of Responses to Nutritional
Factors of Ruminant Species
5.1. Indirect and Direct Comparisons of the Responses of
Milk Fat to Diet-Induced MFD in Cows
The synthesis of milk fat represents a major energy cost for milk
production and plays a central role in determining dairy product
quality and the partitioning of energy into milk. For these
reasons, over recent decades, considerable interest has focused
on understanding the influence of diet on the regulation of milk
fat secretions and FA composition and on identifying the causes
of diet-induced MFD.[55,151]© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3 of 27)
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following two types: 1) diets rich in starch (e.g., high grain/low
forage diets) that contain a minimal amount of PUFA in dietary
feedstuffs or are supplemented with PUFA of plant origin and 2)
diets associated with dietary supplements from marine origins
(mainly fish oils and algae).
Several theories have been proposed to explain the causes of
MFD,[151,152] with the prevailing theory being biohydrogenation.
This theory attributes MFD to an inhibition of mammary
lipogenesis by specific FA intermediates formed in the rumen
under certain dietary conditions that alter RBH pathways.[151]
These specific FA intermediates belong to the trans-10 FA family
with trans-10, cis-12 CLA as the unique candidate shown
unequivocally to inhibit milk fat synthesis, but it does not, in
isolation, explain MFD. Indeed, additional RBH intermediates
including cis-10,trans-12 CLA, trans-9,cis-11 CLA, and possibly
trans-10 18:1[55,153] may also be implicated. In addition, other
mechanisms may also be involved, particularly to explain MFD
in cows or sheep fed diets containingmarine oils.[154–156] Indeed,
an extension of the RBH theory was proposed[152] that includes
the role of changes in the availability of preformed long-chain FA
to the mammary gland. It was proposed that the concomitant
shortage of 18:0 for endogenous cis-9 18:1 synthesis via SCD in
the mammary gland and increase in the supply of trans FA
formed in the rumen would contribute to lower milk fat
synthesis by increasing the milk fat melting point. This
increased milk fat melting point would exceed the capacity to
maintain milk fat fluidity and removal frommammary epithelial
cells.[155,157]
Under dietary conditions that induce MFD in bovines,
variable responses are observed in small ruminants with a lower
occurrence of MFD. Indeed, in ovines a MFD was reported for
diets supplemented with FO or marine algae, but not for high-
starch diets supplemented with plant oil and oilseed.[55,156]
Similarly, an absence of MFD on diets containing high amounts
of starch and plant oil[73,158,159] or supplemented with FO[160] was
reported in goats.
A first approach of indirect comparisons of milk fat yield and
composition from cows,[161,162] goats,[160,163] and ewes[156,164] fed
with similar diets, rich in starch and containing sunflower oil
(SO; rich in 18:2n-6) or supplemented with FO (rich in EPA and
DHA; Table 3) was performed to provide further insight into
possible differences between ruminant species.
In these studies, starch rich diets containing SO (2.5–6%DM)
result inMFD in bovines but not in caprines and ovines. In these
conditions (Table 3) and according to Shingfield et al.,[55] relative
to bovine milk, reductions in the contents of the sums of
6:0þ 8:0þ 10:0 and 12:0þ 14:0þ 16:0 are lower in caprine and
ovine milks. Furthermore, responses in goats and sheep to SO
were characterized by the following: i) a minor increase
(twofold) in trans-10 18:1 compared to a several-fold increase
in cows, whereas the opposite tendency was observed for trans-
11; ii) no or minor increases in the trans-10 18:1/trans-11 18:1
ratio relative to several-fold increases in cows; iii) a higher
increase in the cis-9,trans-11 CLA and no increase in trans-10,cis-
12 CLA compared to cows; and iv) no significant change or a
decrease in milk fat cis-9 14:1/14:0 and cis-9 18:1/18:0
concentration ratios compared to an increase in these desaturase
indices in cows. Relative to sheep, lipogenic responses to SOEur. J. Lipid Sci. Technol. 2018, 120, 1700039 1700039 (1supplements in goats are characterized by greater decreases in
12:0þ 14:0þ 16:0 contents inmilk, higher increases inmilk 18:0
content, larger reductions in milk fat desaturase ratios, and
higher concentrations of trans-11 18:1 and cis-9,trans-11 CLA.
However, these findings are limited by an absence of direct
comparison studies performed under the same dietary con-
ditions of starch content and % oil.
Thus, a first direct comparative study was performed in
lactating cows and goats[165] fed with starch rich diets (325 g
starch/kg DM) containing SO (5% DM; SOS treatment).
This treatment induced a significant and dramatic decrease in
milk fat content (31%) and yield (32%) in cows but not in
goats.[165] SOS induced large increases in the milk concen-
trations of trans-10-18:1 and trans-10,cis-12 CLA isomer
compared to control in cows and to a lesser extent in goats
confirming the following: i) the shift from trans-11 18:1 to trans-
10 18:1 is far more pronounced in cows than goats and ii) the
sensitivity of goats to these trans-10 isomers is lower than that in
cows.
Otherwise, still from an indirect comparative study on FO-
supplemented diets (1.6% DM), MFD in bovine and ovine milks
was observed, but not in caprine milk (Table 3). FO in caprines,
relative to the bovines and ovines, induced minor reductions in
the milk content of 18:0 and cis-9 18:1. Moreover, the response
in goats is characterized by a much lower increase in trans-10,
11–18:1 and in the sum of trans 18:1 isomers. For all these
parameters, the response of the ewe is intermediate between
goats and cows.
These observations were completed for cows and goats by the
first direct comparison performed with diets supplemented with
FO at a higher level (2.2% DM)[165] than previously observed
(Table 3). Under these conditions, whereas a dramatic decrease
in milk fat content (31%) in cows was observed, a MFD occurs
in goats, although to a lesser extent (21%). In both species,
milk 18:0 and cis-9-18:1 largely decreased (by 69 and 55% in cows
and by 79 and 69% in goats, respectively), whereas the sum of
trans-FA increased by 334% in cows and by 270% in goats. These
data, together with an absence of a significant decrease in 18:0
and cis-9 18:1 and of MFD when goats were fed a lower amount
of FO,[160,166] are in agreement with the role of the availability of
preformed long-chain FA andmaintenance of milk fat fluidity to
explain MFD due to FO-supplemented diets.
However, it remains possible that specific intermediates
formed during the metabolism of PUFA may also contribute to
MFD in animals fed diets containing marine lipids.[152]
It may be noted that with FO treatment, the abundance of
trans-10,cis-12 CLA was not altered in either species,[165] which is
in line with earlier studies in bovines and ovines fed FO in which
MFD was observed.[157,162,167]
Recently, a second direct comparative study among goats and
cows was performed.[168] This study looked at the responses to
diets either rich in starch plus corn oil (5% DMI; COS) or
supplemented with marine algae powder from Schyzochytrium
(1.5% DMI; MAP). Thus far, analysis of the performances of the
animals demonstrated results in line with the previous study[169]
as follows: i) a dramatic decrease in milk fat content in cows fed
COS (45%), and no effect on goats, and ii) a decrease inmilk fat
content in cows fed MAP (22%) and to a lesser extent in goats
(15%). An in-depth analysis of this study with that of Toral© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim4 of 27)
Table 3. Indirect comparison of milk fatty acid secretion and composition responses to the inclusion MFD diets either sunflower oil (rich in cis-9,
cis-12 18:2) into starch-rich diets or fish oil in the caprine, ovine, and bovine (adapted from Ref. [55]).
Species Bovine Caprine Ovine Bovine Caprine Ovine
Reference [161] [163] [156] [162] [160] [164]
Main basal forage in the diet Maize silage F/C Dehydrated alfalfa hay Grass silage Alfalfa hay Dehydrated alfalfa hay
Oil supplement None Sunflower None Sunflower None Sunflower None Fish oil None Fish oil None Fish oil
Oil inclusion rate (g kg1 DM) 0 52 0 60 0 25 0 16 0 16 0 17
Duration (d) 18 18 28 28 28 28 15 15 28 28 21 21
Animals per group 6 6 16 16 10 10 5 5 12 12 12 12
Diet composition
Concentrate (g kg1 DM) 520 537 570 510 500 500 407 420 475 440 600 607
Neutral detergent fiber
(g kg1 DM)
285 266 302 324 308 304 480 470 413 418 246 238
Starch content (g kg1 DM) 348 328 332 231 – – 135 140 200 170 – –
Ether extract (g kg1 DM) 28 72 32 71 26 50 48 80 18 33 18 37
Milk fat content (MFC) and secretion
MFC (g kg1 or response)a) 40.7 (39.6%) 32.1 (þ19%) 62 (þ6.0%) 46.0 (7.0%) 33.5 (þ2.7%) 53.5 (19.3%)
MFY (g d1) 1380 (44.2%) 135 (þ20%) 126 (þ12.0%) 788 (23.6%) 101 (þ7.9%) 168 (20.2%)
Fatty acid (g/100 g fatty acids)
4:0 3.35 2.31 1.93 2.13 3.41 4.00 4.58 2.42 2.01 2.01 2.64 2.73
6:0þ 8:0þ 10:0 7.64 2.95 16.7 14.98 17.86 15.22 5.56 5.55 15.06 14.33 16.28 17.20
12:0þ 14:0þ 16:0 48.38 27.64 45.41 33.5 43.72 37.94 37.3 49.99 48.22 45.13 20.33 18.73
18:0 8.63 13.62 6.96 9.23 6.57 8.84 19.54 4.43 6.99 6.29 5.52 1.33
cis-9 18:1 16.59 28.29 14.22 14.84 13.32 16.01 18.11 4.84 15.41 13.71 9.89 6.02
cis-9,cis-12 18:2 2.19 2.34 2.28 2.81 2.37 2.23 0.902 1.25 1.93 1.74 2.63 197
cis-9,cis-12,cis-15 18:3 0.15 0.21 0.41 0.35 0.53 0.41 0.42 0.45 0.27 0.32 0.56 0.40
trans-10 18:1 0.43 7.22 0.26 0.68 0.34 0.65 0.21 1.01 0.10 0.36 0.69 3.97
trans-11 18:1 1.27 1.44 1.34 7.67 0.93 2.80 1.80 9.39 0.33 1.72 1.02 4.04
P
trans 18:1 3.03 11.99 2.59 10.52 – – 4.50 14.40 1.41b) 5.15b) 2.73 9.10
cis-9,trans-11 CLA 0.509 0.769 0.78 3.52 0.44 1.23 0.394 1.655 0.18 0.91 0.510 1.550
trans-9,cis-11CLA 0.000 0.100 – – 0.020 0.030 – – – – 0.04 0.15
trans-10,cis-12 CLA 0.003 0.024 Traces Traces <0.01 <0.01 0.002 0.0005 <0.001 <0.001 0.01 0.03
trans-9,trans-11 CLA 0.006 0.008 – – – – 0.011 0.014 – – – –
trans-10,trans-12 CLA 0.004 0.015 – – – – 0.003 0.005 – – – –
20:5n-3 – – 0.05 0.03 0.05 0.04 0.05 0.11 0.03 0.10 0.06 0.42
20:6n-3 – – – – 0.10 0.07 – – 0.09 0.14 0.09 0.44
22:6n-3 – – 0.07 0.05 0.03 0.02 0 0.10 0.02 0.08 0.16 1.18
Fatty acid ratios
cis-9 14:1/14:0 0.094 0.132 0.0160 0.0114 0.0195 0.0185 0.055 0.035 – – – –
cis-9 18:1/18:0 1.92 2.08 2.04 1.61 2.03 1.81 0.94 1.18 2.20 2.81 0.558 0.221
cis-9,trans-11 CLA/trans-11 18:1 0.40 0.53 0.58 0.46 0.47 0.44 0.225 0.182 0.55 0.53 0.500 0.384
trans-10 18:1/trans-11 18:1 0.34 5.01 0.19 0.089 0.37 0.23 0.117 0.108 0.303 0.209 0.676 0.983
trans-10,cis-12 CLA/trans-10 18:1 0.006 0.003 – – – – 0.0095 0.0005 ND ND 0.014 0.008
a) Response calculated as [(TreatmentControl)/Control) 100]. b)Concentration of the total trans in Ref. [160].
www.advancedsciencenews.com www.ejlst.comet al.[165] will help us better understand the specificities of species
responses.
Thus far, indirect and especially direct comparison studies of
milk FA composition have suggested differences in RBH andEur. J. Lipid Sci. Technol. 2018, 120, 1700039 1700039 (1mammary lipogenesis to explain the differential lipogenic
responses between ruminant species. The RBH pathways (seen
through the occurrence of trans-10 isomers) appear to be more
stable and robust to alterations due to diet in small ruminants© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim5 of 27)
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eating behavior, rumination, buffering of rumen pH, rumen
digestion kinetics, and transit rates[73,170] that require investiga-
tion. Moreover, indirect comparative studies also suggest that
mammary cells in caprines and ovines are less sensitive to the
anti-lipogenic activity of the specific trans-FA biohydrogenation
intermediates relative to the bovine,[55,77] outlining differences in
the regulation of mammary lipogenesis among species.
Further multidisciplinary studies (including chewing behav-
ior, rumen metabolome and microbiome, and intermediary and
mammary metabolism) with direct comparisons of milk fat
synthesis among species under similar dietary conditions would
help to decipher the mechanisms of these differences and
identify new levers.5.2. Direct Comparison of the Effects of Diet Composition
on Milk Vitamin Concentrations Between Ruminant Species
Studies comparing liposoluble vitamin concentrations in milk
between ruminant species fed similar diets are lacking in the
literature. Recently, we compared the effect of several dietary fat
supplements in lactating dairy cows or goats (Graulet et al.,
unpublished data). Fat-soluble vitamins were not quantified in
milk in this study, but riboflavin content (for which a portion
would be associated with the milk fat globule membrane,
Figure 1) responds differently in milk according to diet and
species. Indeed, whereas mean riboflavin concentrations are
equivalent for both species fed the control diet or supplemented
with a source of DHA, the milk was enriched with vitamin B2 for
cows receiving a supplement composed of maize oil and starch
but not for goats (Graulet et al., unpublished data). Since the
same observation can be performed when comparing plasma
vitamin B2 concentrations in these animals, it can be suspected
that the species specificity comes from the process of vitamin
synthesis by the rumen bacteria.6. New Approaches for Determining Major
and Minor Components of Milk Lipid
Fractions
6.1. Lipidomics to Measure the Lipid Components in Milk
Lipidomic studies have been developed over the last 17 years
with the objective, as for proteomic or metabolomic, of
describing, as widely as possible, lipid compositions in biological
tissues. These approaches have been feasible thanks to
developments in mass spectrometry. However, the complexity
of lipid structures due to the various combinations in fatty acyl
carried by different functional groups, and the existence of
isomeric (composed of the same chemical elements, but with
geometrical or structural differences) and isobaric (same
nominal mass, but different exact mass) molecular species
has made their analysis particularly difficult. The technological
advances in mass spectrometry with highly resolutive materials
today allow researchers to partly overcome these problems.
Indeed, due to the use of shotgun MS/MS analysis by using
a TripleTOF mass spectrometer[171] annotated 136 molecularEur. J. Lipid Sci. Technol. 2018, 120, 1700039 1700039 (1species of commercially semi-skimmed bovine milk lipids
belonging to six classes (TAG, PC, PE, PS, PI, SM), of which 42
species belong to TAG. Afterwards, the coupling of liquid
chromatography to a high-resolutive mass spectrometer, such as
an Orbitrap interfaced to a quadrupole mass filter, allowed the
separation of isobar species, as previously developed by Ref. [172]
to describe the human cerebrospinal fluid lipidome. The same
methodology was used,[173] whose annotated 462 molecular
species belonging to 13 classes of lipids (Ceramide, SM,
lysophosphatidylcholine, PC, PE, DG, TAG, phosphatidic acid,
phosphatidylglycerol, PI, PS, lysophosphatidyl ethanolamine,
and FA), of which 300 belonged to TAG and 66 of which were
identified for the first time in caprine and bovine milks. These
high-precision methodologies will allow researchers to highlight
some lipids as biomarkers of different types of milk.6.2. Proteomics and Targeted Approaches
Milk proteomics has been used as a non-targeted approach to
identify proteins usable for monitoring metabolic status,
performance, health, and disease in ruminants, as well as to
discover beneficial food bioactive proteins.[16,18] Proteomics was
also used to connect fluctuations in milk protein components
and isoforms to technically relevant milk properties for the dairy
industry.[3,19] For the MFGM fraction, the mapping of the
proteome with a good dynamic range of concentrations implies a
prefractionation, e.g., the isolation of MFGM without contami-
nation by the highly abundant caseins and medium-abundant
whey proteins.[16] Several prefractionation protocols for the
isolation of MFGM were proposed and have been shown to
strongly affect the number of identified proteins.[12,174–176]
Among the most recent protocols, two were designed to remove
the fat component of MFGM, allowing the identification of more
than 450 proteins.[22,136] Moreover, proteome mapping of the
MFGM was strongly improved by the use of LC–MS/MS
methods.[177] Indeed, MFGM proteins are mainly hydrophobic
and thus are better separated and identified by LC–MS than with
2-DE methods.[178]
Targeted approaches based on the search of proteins
biomarkers thanks to immunological tests are available mainly
for detection of animal pathologies[16] and milk adulteration.[179]
It could be hypothesized that the integration of current available
proteomics data will foster the development of targeted
approaches to use milk as a diagnostic fluid that is accessible
and relatively simple to obtain.6.3. Spectral Methods for the Prediction of FA Composition
In certain European countries, milk recording organizations
have used routinely mid-infrared (MIR) spectroscopy to predict
fat and protein content for milk payment, quality control, and
herd management for their subscribers. The obtained spectra of
milk samples are used to simultaneously provide information on
several compounds from this fast, non-invasive and inexpensive
method. With the aim of developing equations for predicting FA
concentrations, a set of milk samples was selected according
to their spectral variability as follows: from various breeds, cows© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim6 of 27)
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analyzed by both the reference method (gas chromatography)
and MIR. The data allowed for the development of calibration
equations for predicting the FA concentrations with MIR by
using different mathematical methods (notably PLS). The best
equations were obtained for the predictions of the following FA
groups: SFA, MUFA, unsaturated FA, short-chain, medium-
chain, long-chain and major individual FA (16:0, cis-9 18:1). For
these groups of FA, the cross-validation coefficient of determi-
nation (r2) was greater than 0.95.[180] Therefore, prediction of
groups of FA from MIR spectra has increased interest across
different countries using model development sample sets from
large dairy cow populations.[181] The MIR method has been
extended tomilks from ewe and goat species, and the predictions
there were better for individual SFA and MUFA with medium
and highmilk concentrations (r2> 0.95).[182] Near-infrared (NIR)
spectroscopy is also a valuable method.[183] NIR is less easily
applicable for routine analyses because milk samples must be
oven-dried before analysis and results can be only obtained 24 h
later. The best coefficient of determination in external validation
was good (>0.88) for SFA, MUFA, unsaturated FA, trans-FA,
trans- and cis-18:1, palmitic and oleic acids in an oven-dried
milks.[183] Direct comparisons between MIR and NIR predic-
tions of FA were performed on cow milk. Predictions (g/100 g
FA) of even chain SFA, odd chain FA, CLA, and n-3 FA on oven-
dried milk were similar between the twomethods. Predictions of
MUFA, n-6, and PUFA were higher for NIR than MIR. When
expressed as g kg1 of milk, NIR predictions were lower than
those from MIR.[184] These infrared methods are promising for
large-scale (including on-farm) determination of milk FA
composition, even if the quality of prediction is still low for
the minor FA.7. Implication of the Milk Lipid Fractions on
Human Health
7.1. Neutral Lipids: Fatty Acids
7.1.1. Saturated Fatty Acids
For the last several decades, the consumption of SFA in excess
has been associated with increased risks of cardiovascular
diseases,[185] although this concept is still under debate.[186]
As such, due to their relatively high contents in 12:0, 14:0, and
16:0, consumption of whole milk, butter, and cheese have been
noted for their possible adverse effects on indicators (serum
LDL-cholesterol levels) of cardiovascular risk.[187]
However, SFA cannot be considered as a single group in terms
of their effects in cells, and recent findings on the metabolism
and biological functions of individual SFAs show that they have
specific positive roles in the cells. Indeed, biochemical
mechanisms such as SFA protein acylation (N-myristoylation,
S-palmitoylation, and ghrelin octanoylation) and regulation of
genes have been reviewed,[188] with positive effects on the
biological functions of proteins involved and various effects on
metabolism.
In addition, some SFA, such as C16:0, the major FA found in
ruminant milk, may be endogenously delta 9 desaturated, givingEur. J. Lipid Sci. Technol. 2018, 120, 1700039 1700039 (1rise to cis-palmitoleic acid, whereas trans-palmitoleic acid is
naturally present in milk. Recently, palmitoleate has been
considered as a lipokine released from adipose tissue that acts on
distant organs.[189] Subsequently, its mixed cardiovascular
effects, direct or inverse correlations with obesity, hepatostea-
tosis, and a significant amelioration or prevention of insulin
resistance and diabetes were shown.[189]
Recent epidemiological studies[186,190,191] have shown an
absence of a relationship between the consumption of SFA and
human pathologies such as cardiovascular heart disease (CHD),
ischaemic stroke, or type 2 diabetes. In particular SFA from dairy
products, which are the major contributors of SFA in human
occidental diets,[192] are not associated with the risk of
cardiovascular disease.[193,194] These observations led to the
reconsideration of the role of these FA on human cardiome-
tabolic health and require further studies.
TAG constituted from medium-chain FA, mainly found in
milk fat of small ruminants, are of special interest for certain
cases of food allergies and gastrointestinal disorders.[195] Indeed,
medium-chain TAG are more rapidly and completely digested
compared to TAG consisting of long-chain FA.[195]7.1.2. Butyrate
Milk fat from ruminant species is also relatively rich in butyrate
and represents a source of this short-chain FA (SCFA) for the
human diet[196] in addition to the butyrate formed when dietary
fiber is fermented by the human colonic microbiota. Butyrate
has been shown to exhibit anticarcinogenic effects, inhibit cell
growth, promote differentiation, and induce apoptosis in various
human cancer cell lines.[196] It has also been suggested that
butyrate may prevent the invasion of tumors via inhibitory
effects on urokinase.[197] Moreover, butyrate is considered the
major SCFA for maintenance of human colonic health,
primarily by acting as a direct source of energy for colono-
cytes.[198,199] Lastly, from a review on the effects of SCFAs on
immune cells, it was concluded that butyrate seems to exert
broad anti-inflammatory activities by affecting immune cell
migration, adhesion, and cytokine expression, as well as
affecting cellular processes such as proliferation, activation,
and apoptosis.[200]7.1.3. Branched-Chain Fatty Acids
Milk fat contains low levels of branched-chain FA that are
represented by the following three classes: even-chain iso, odd-
chain iso, and odd-chain anteiso acids.[5] Iso FA and anteiso FA
are characterized by a methyl-group located on the penultimate
carbon and on the antepenultimate carbon of the carbon chain,
respectively. Branched-chain FA present anticarcinogenic
effects. In fact, in vitro incubation of iso 15:0 with different
human cancer cell lines (from prostate, colon, lung, and liver
carcinoma and pancreatic and mammary adenocarcinoma)
induced cell death through apoptosis.[201] Moreover, in vivo oral
administration of iso 15:0 inhibited growth of tumors implanted
into mice.[201] Iso 15:0 also induced inhibitory effects on T-cell
lymphomas in vitro and in vivo in mice.[202]© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim7 of 27)
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Trans-FA have two origins as follows: a natural origin from
ruminant products (milk and meat) resulting from enzymatic
processes during RBH of PUFA and an industrial origin in fully
refined vegetable oils and oils after frying or heating.[203] These
two sources differ in their isomer distribution; trans-9 and trans-
11 are the major isomer of 18:1 in refined vegetable oils and
ruminant products, respectively.[6] Consumption of trans-FA has
been linked to the risk of appearance of CHD, sudden cardiac
death, and diabetes.[6,203] However, previous reviews comparing
the effects of the two sources of trans-FA showed positive
relationship between CHD and trans-FA intake from industrial
origin and not from ruminants,[204,205] which was confirmed by
recent meta-analyses.[186,206] However, a potential negative effect
of trans-10 18:1 which could also come from products of
ruminant with altered ruminal biohydrogenation, was reported
in animal models. Indeed, milk enriched in trans-10 tended to
increase serum TGwhile milk enriched in trans-11 and CLA was
proven to improve lipid biomarkers.[207,208]7.1.5. Conjugated Linoleic Acids
Conjugated linoleic acids are present in ruminant products or are
synthesized from the alkaline isomerization of oils rich in 18:2n-6.
These chemical mixtures contain essentially and equally the cis-9,
trans-11 and trans-10,cis-12 isomers. Numerous studies, per-
formed mainly in animal models or in vitro on cell lines, have
reported positive effects (anticarcinogenic, anti-diabetes, anti-
atherosclerosis, and anti-obesity) of these twomain CLA isomers,
distributed as amixture.[6]However, it was shown that trans-10,cis-
12CLAmay cause insulin resistance and induce inflammation on
human adipocyte.[209,210] However, little data is available on these
CLA isomers distributed separately in humans.7.1.6. Conjugated Linolenic Acids
Recently, an increasing number of studies have examined the
effects of CLnA, due to their beneficial properties.[211,212] Plant
seeds (pomegranate or bitter melon seeds) are rich in CLnA
isomers (40–80 g/100 g of total FA), formed from conversion of
18:3n-3 by conjugase enzyme.[212] These CLnA isomers are
conjugated trienes (e.g., cis-9,trans-11,cis-13, and cis-9,trans-11,
trans-13). In ruminant products, CLnA isomers (mainly cis-9,
trans-11,cis-15 and cis-9,trans-13,cis-15) are present at low
concentrations and are provided from RBH of 18:3n-3.[213,214]
In vitro CLnA isomers from plant seeds have an inhibitory effect
on cancer cell proliferation and growth of human tumor cells. In
vivo, these FA modify lipid metabolism (with decreases in
adipose tissue mass) in rodent models. The cytotoxic effect of
CLnA of plant origin is more plausible than that of ruminant
CLnA through induction of apoptosis.[212]7.2. Milk Fat Globule Membrane
In recent decades, the positive effects of the components of the
bovine MFGM have been studied and reviewed,[27] with a wideEur. J. Lipid Sci. Technol. 2018, 120, 1700039 1700039 (1range of positive effects (cholesterolemia-lowering, inhibition of
cancer cell growth, vitamin binders, bactericidal activity, acting
as agents against colon cancer, gastrointestinal pathogens,
Alzheimer’s disease, depression, stress, etc.). The MFGM is
composed of proteins and lipids, and the role of the different
components of theMFGM or of theMFGMas a whole have been
investigated.
Due to its interesting emulsifying properties, MFGM is used
in several applications,[215] and even though the amounts of PL
in dairy milk and cream are small compared with neutral lipids,
their concentration is much higher in the MFGM fragments in
buttermilk (e.g., the aqueous phase released during the churning
of cream in butter manufacture, or in whey, e.g., the aqueous
phase released during the manufacture of cheese). Buttermilk
was first considered as a low value byproduct of the butter
industry and currently has a limited market. However, it has
recently gained attention as a source of functional and
nutritional ingredients because of its low cost and the presence
of the MFGM.[216] However, to date there are no studies on the
human health implications of a diet rich in MFGM, although
several studies have reported the effects of its components on
health-enhancing functions.[197]7.2.1. Polar Lipids
The milk polar lipids fraction constituted by PL and sphingo-
lipids is of considerable interest regarding its nutritional and
functional properties. Indeed, the health effects of dietary PL
have been recently reviewed and include the SM (major milk
sphingolipid).[217]
The MFGM is a rich and convenient source of exogenous PL
(30% of the total MFGM lipids; mainly SM, PC, and PE) in the
human diet,[197] composed of both SFA and unsaturated FA. The
PL are highly effective in delivering their FA for incorporation
into the membranes of certain cell types. Consequently, cellular
functions, including signaling and transport, and the activity of
membrane bound enzymes could be modulated by dietary PL
and hence contribute to the health benefits described so far.[217]
Positive effects have been reported on particular liver diseases
and cardiovascular risks.[218]
The major health benefits reported from bovine milk PL and
sphingolipids (review[219]) are inhibition of colon cancer,[220]
anticholesterolemic and hypolipidaemic effects,[221–223] anti-
inflammatory activity,[224] improving the infant brain and
cognitive development,[225] as well as possible antiviral and
antibacterial effects.[226–228] These effects are illustrated by some
recent studies, as shown in Table 4. However, further clinical
studies with diets enriched in milk components of the MFGM
with derived dairy products (such as buttermilk) would be
necessary to confirm these effects.7.2.2. Proteins of the MFGM
The primary role of human milk proteins is to provide a source
of essential amino acids to infants. However, caseins and whey
proteins were also shown to also exert physiological activities
and to contribute to health in several ways. These activities© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim8 of 27)
Table 4. Beneficial effects of the main MFGM components (proteins, lipids, and vitamins) observed on experimental models in vitro (mainly
microbiology, virology) and in vivo (mouse, human).
Compound name Abbreviation Observed effects Experimental model Authors
Proteins Gene name
Breast cancer type 1 susceptibility protein
homolog
BRCA1 Inhibition of breast cancer In vitro [27,175]
Breast cancer type 2 susceptibility protein BRCA2 Inhibition of breast cancer In vitro [27,175]
Butyrophilin BTN Prevents or suppress experimental encephalomyelitis
related to human multiple sclerosis
In vivo (mouse) [175]
Butyrophilin BTN Involvement in autoimmune disease In vivo (human) [15,261]
Carbonic anhydrase 6 CA6 Essential factor for normal growth and development
of gastrointestinal tract of the newborn
In vivo (human) [262]
Fatty acid binding protein (as selenium
carrier)
FABP3 Anticancer In vivo (mouse) [263]
Lactadherin MFGE8 Inhibits rotavirus binding and infectivity [15]
Lactadherin MFGE8 Protect against development of gastrointestinal
inflammation
In vivo (mouse) [229]
Lactotransferrin (lactoferrin) LTF Anti-infective In vivo (mouse) [264]
Lactotransferrin (lactoferrin) LTF Anti-inflammatory via increasing production of
cytokines
Not specified [265]
Lactotransferrin (lactoferrin) LTF Bacteriostatic in vitro [19]
Lactotransferrin (lactoferrin) LTF Antioxidant effect in vitro [19]
Lactotransferrin (lactoferrin) LTF Prevents the infection of some enveloped and
naked viruses
in vitro [19]
Lactotransferrin (lactoferrin) LTF Inhibits in vitro replication of human
cytomegalovirus, HIV, herpesvirus, hepatitis B and
C, hantavirus, human papillomavirus, rotavirus,
adenovirus, and influenza A
in vitro [266]
Lactotransferrin (lactoferrin) LTF Reduced duration and severity of diarrhea In vivo (human) [266]
Lactotransferrin (lactoferrin) LTF Reduced incidence of respiratory infection In vivo (human) [266]
Lactotransferrin (lactoferrin) LTF Reduced incidence of bacterial and fungalsepsis
in premature infants
In vivo (human) [266]
Lactotransferrin (lactoferrin) LTF Reduced mortality in patients with acute bacteremia In vivo (human) [266]
Lactotransferrin (lactoferrin) LTF Therapeutic agent for the treatment of human cancer Not specified [266]
Lactotransferrin (lactoferrin) LTF Impaired growth of colon polyps In vivo (human) [266]
Lactotransferrin (lactoferrin) LTF Extended survival in lung cancer In vivo (human) [266]
Mucin-1 MUC1 Protective effect against rotavirus In vitro [175]
Mucin-1 MUC1 Inhibits binding of enteric bacteria to the
gastrointestinal epithelium
In vitro [267]
Mucin-1 MUC1 Protective role against the attachment of fimbriated
microorganisms (via sugar chain)
Not specified [15]
Mucin-1 MUC1 Antiviral Not specified [268]
Mucin-15 MUC15 Antiviral action Not specified [269]
S100 calcium binding protein A11
(calgizzarin)
S100A11 Upregulation associated with proinflammatory
response
Not specified [178]
S100 calcium binding protein A12
(calgranulin C)
S100A12 Antimicrobial peptide “calcitermin” In vivo (human) [178]
S100 calcium binding protein A9
(calgranulin B)
S100A9 Inflammatory response, host defense In vivo (mouse) [178]
Xanthin dehydrogenase XDH Antibacterial Not specified [270]
Xanthin dehydrogenase XDH Host defense Not specified [178]
(Continued)
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Table 4. (Continued)
Compound name Abbreviation Observed effects Experimental model Authors
Xanthin oxidase XO Antibacterial Not specified [270]
Polar lipids Family
Phospholipid-rich milk extract PL Decrease in hepatic steatose, hepatomegaly,
lipidemia
In vivo (mice) [218]
Lactosylceramide SL Antiproliferative activity on colon cancer cell line In vitro (human) [220]
Sphingomyelin SL Decrease in the incidence of colon tumors
chemically induced
In vivo (mice) [271]
Milk sphingomyelin SL Decrease in lipid and cholesterol intestinal
absorption
In vivo (rats) [221]
Milk phospholipids PLþ SL Decrease in postprandial lipemia, and
improvement of lipid metabolism
In vivo (mice) [222]
Milk sphingomyelin SL Lipid metabolism improvement after deleterious
effects of a high-fat diet
In vivo (mice) [223]
PLs emulsifiers from milk PLþ SL Decrease in adipose tissue hypertrophy and
inflammation
In vivo (mice) [272]
phospholipidsþ gangliosides PLþ SL Brain and cognitive development In vivo (piglet) [273]
Lipids of MFGM from buttermilk Anti-infective properties In vitro (monkey) [227]
Milk concentrate rich in PLs and SM PLþ SL Improvement of in vivo resistance to attenuated
diarrheagenic
E. coli
In vivo (human) [228]
Vitamins Name
All-trans-retinoic acid Vitamin A Tissue growth, maintenance of cell function, and
differentiation (embryonic, epithelial, connective,
hematopoietic, bone)
In vivo (livestock species and human) [274]
All-trans-retinoic acid Vitamin A Spermatogenesis in the male, fetus development, and
viability in the female
In vivo (livestock species and human) [274]
All-trans-retinoic acid Vitamin A Maintenance of epithelial cells (alimentary, genital,
reproductive, respiratory, urinary tracts. . .)
In vivo and cell culture [274,275]
All-trans-retinoic acid Vitamin A Immunity (humoral and cellular responses, immune
regulation, response to vaccines, lymphoid organ
development)
In vivo (clinical trials, epidemiological
or experimental studies)
[274,276]
All-trans-retinoic acid Vitamin A Regulation of neurodevelopment (neurogenesis)
and central nervous system functioning (learning,
memory); implication in neurological and psychiatric
diseases (Parkinson’s, Alzeihmer’s, motoneuron,
schizophrenia, depression)
In vivo (human and animal models) [277]
All-trans-retinoic acid Vitamin A Endocrine regulation (thyroid, adrenals, gonads,
somatotroph and lactotroph cells)
In vivo (human and animal models) [278]
All-trans-retinoic acid Vitamin A Disruption of retinoic acid signaling thought to
underlie the etiology of leukemias, cancers of the
skin, head, lung, breast, ovary, prostate, kidney,
pancreas, liver. . .
In vivo and in vitro on cell line models [279]
11-cis-retinaldehyde Vitamin A In the retina, prosthetic group of rhodopsin for dim
light vision and of iodopsin for bright light and color
vision
In vivo (multi-species including human) [274]
1,25-Dihydroxyvitamin D Vitamin D Regulation of whole body calcium homeostasia
(stimulation of intestinal absorption, of bone
resorption, of reabsorption by kidneys)
In vivo [280]
1,25-Dihydroxyvitamin D Vitamin D Cancer prevention (still in debate) Ecological, observational, and laboratory
studies
[239]
1,25-Dihydroxyvitamin D Vitamin D Muscle and bone health (prevent osteoporosis, risk
of fall and hip fracture, rickets)
Epidemiologic and interventional studies [281]
(Continued)
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Compound name Abbreviation Observed effects Experimental model Authors
1,25-Dihydroxyvitamin D Vitamin D Protection against myocardial infarction Cell culture studies, experimental studies
on animals, observational studies in human
[239,282]
1,25-Dihydroxyvitamin D Vitamin D Reproduction and fertility Cell culture studies, experimental studies
on animals like vitamin-D knock out mice,
observational studies in human
[283]
1,25-Dihydroxyvitamin D Vitamin D Immunity, host defense Interventional studies, in vitro on cell line
model
[239]
α-Tocopherol Vitamin E Protection of cell membrane components
including MFGM (like PUFA)
In vitro and in vivo [284,285]
α-Tocopherol Vitamin E Protection of lipoprotein membrane
components (like PUFA)
In vitro and in vivo [284,285]
α- and γ-tocopherols (other forms?) Vitamin E Neural development and neuroprotection In vitro, animal models, observational
studies in human
[285]
α-Tocopherol Vitamin E Prevention of atherosclerosis and associated
cardiovascular diseases
In vitro and animal models but conflicting
results in human clinical intervention
studies
[285]
α-Tocopherol vitamin E Improvement of cellular and humoral immunity Clinical studies [286]
γ-Tocopherol
α-Tocopherol
Vitamin E Pro-inflammatory activity
Anti-inflammatory activity (implication in
asthma prevalence)
In vitro, animal models, human
epidemiological
studies
[285]
γ- and δ-tocopherols, Vitamin E Prevention of cancer In vitro mechanistic and preclinical animal
studies
[287]
γ- and δ-tocotrienols
Tocotrienols (tocopherols) Vitamin E Possibly, attenuation of metabolic syndrom
(in line with positive effects on obesity,
cholesteroleamia, diabete, hypertension)
In vivo on animal or human models [288]
Phylloquinone, menaquinone Vitamin K Regulation of haemostasis through coagulation
factors
In vitro [289]
Phylloquinone, menaquinone Vitamin K Regulation of whole body calcium homeostasia In vitro [289]
Phylloquinone, menaquinone Vitamin K Growth regulation In vitro [289]
Phylloquinone, menaquinone Vitamin K Apoptosis inhibition In vitro [289]
Menaquinone (phylloquinone) Vitamin K Prevention of type 2 diabetes Preclinical and clinical studies [290]
Phylloquinone, menaquinone Vitamin K Protection against cell tumour proliferation In vivo epidemiological and clinical studies [291]
www.advancedsciencenews.com www.ejlst.cominclude assistance in digestion of lipids and carbohydrates and
limitations in protein digestion, facilitation of nutrient uptake,
antimicrobial activity, prebiotic effects, involvement in immune-
competence, and promotion of gastrointestinal tract develop-
ment.[19] In contrast, MFGM proteins have very low classical
nutritional value, and relatively little is known on their bioactive
properties. Among the health-beneficial effects that have already
been reviewed[15,27,175] and are shown in Table 4, the main one is
an anti-infection or host-defence effect via MFGM proteins
binding to bacteria and viruses (LTF, MFGE8, MUC1, MUC15,
XDH, XO). Additional major effects are anticarcinogenic effects
(FABP3, BRCA1, LTF), modulations of inflammatory responses
(MFGE8, S100A9) and a possible suppressor of multiple sclerosis
(BTN). Moreover, some of these proteins (MUC1, MUC 13, or
MFGE8) are present in infant formula and were suggested to
modulate the neonatal gastrointestinal tract immune system and
intestinal inflammation in infants.[229]
These biological activities are induced by intact proteins or
by peptides only after the proteins are digested or fermented.Eur. J. Lipid Sci. Technol. 2018, 120, 1700039 1700039 (2Bioactive peptides derived from MFGM proteins have begun to
be reported,[19,27,229,230] but the biological activities of both
MFGMand bioactive peptides largely remains to be investigated.7.3. Vitamins Associated with Lipids (A, Carotene, D, E, K)
Milk and dairy products are considered the first contributors to
vitamin A, D, and several B intakes in human nutrition.[231–233]
This is especially important with regard to their limited cost and
affordability.[233] Moreover, vitamin requirements in humans are
still a great concern. Indeed, vitamin A and D deficiencies
remain a public health issue, especially (but not only) in
developing countries,[234,235] and the World Health Organization
found in a global survey that 251 million children (0–4 y.o.) were
deprived at a subclinical level in 1994.[236] More recently, the
high prevalence (more than 75% of people in some cases)
of insufficient intakes of vitamin A, D, and E (below the
specific recommended reference value) was demonstrated in the© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1 of 27)
www.advancedsciencenews.com www.ejlst.compopulation of representative Western countries (Germany,
United States, United Kingdom, and The Netherlands).[237]
These insufficient intakes have detrimental effects on health
since vitamins are essential nutrients, and this is the reason that
dietary recommendations for daily intakes are proposed according
to gender, age, and physiological status of women (gestation/
lactation). In the case of intakes largely below recommendations,
major andspecific symptomsappear (xerophthalmia for vitaminA
deficiency, hemorrhagic disease for vitamin K in newborns) and
can lead to death.[54] Subclinical intake of vitamins are also now
considered risk factors of numerous diseases including cancers,
neurological disorders, osteoporosis, type 2 diabetes, etc.
Due to its metabolic functions and methods of action, vitamin
A is essential to human life from embryogenesis to adulthood.
The developmental role of retinol (through its major active form,
the all-trans retinoic acid) is now well documented in the embryo
and after birth, acting in cell growth, cell differentiation,
development, energy homeostasis, and regulation of glucose-
stimulated insulin secretion. Moreover, from birth until
adulthood, vitamin A is required for reproduction, immunity,
and vision, with the latter dependent on its 11-cis-retinaldehyde
form, acting in phototransduction in the retina.[238]
Vitamin D is best known for its major role in the regulation of
calcium (and phosphate) homeostasis (intestinal absorption,
bone stores mobilization, kidney reabsorption). It easily explains
why the specific symptom of deficiency in infants is rickets. To
date, insufficient intakes have been related to alteration of the
overall health status of people, as well as well-being.[239] Like
retinoic acid, vitamin D exerts its physiological effects through
the regulation of gene expression by a nuclear receptor. Finally,
the recent research taken together indicates that vitamin D has a
regulatory impact on almost every cell and tissue of the body. The
impact on health of a vitamin D deficiency may include i) bone
pain, muscle aching, and weakness; ii) osteomalacia in adults,
osteoporosis associated with falls, and increased risk of hip
fracture; iii) disturbances in positive immunomodulations on
lymphocytes, monocytes, macrophagematuration, and dendritic
cells of the immune system; iv) reduction of cardiovascular
protection exerted through anti-atherosclerotic effects, suppres-
sion of renin, and prevention of myocardial damages; v)
increased risk of mortality; vi) reduced fertility improvement;
vii) possibly increased risk factors for protection against
neurocognitive dysfunction and mental illness.[239] However,
some evidence is still needed for some of these positive impacts
on health since epidemiologic studies have not permitted
determination of wheter vitamin D status was a cause or an
associated symptom of these illnesses.
Vitamin E is of course the best known biological antioxidant.
Its concentration in milk or dairy products is not of real interest
for covering the dietary requirement, but its localization in the
MFGM, in the neighbourhood of PUFA, is interesting to protect
them from oxidation.[240]
Biological roles of vitamin K are mainly concerning blood
coagulation and calcium homeostasis. Indeed, it acts by
activating several coagulation factors (factors II, VII, IX, X,
etc.) and other proteins (osteocalcin, matrix Gla protein, etc.).
Due to limited stores at birth, newborns are especially at risk of
vitamin K deficiency and are consequently susceptible to
hemorrhagic disease that can led to bleeding to death.[47]Eur. J. Lipid Sci. Technol. 2018, 120, 1700039 1700039 (28. Conclusions
The milk fat fraction is a source of a variety of nutrients for
newborn development and human health. Over the last decade,
particular interest has been given to components of the MFGM
that raise this milk fraction as a potential nutraceutical.
While the drivers of milk FA composition in ruminant diets
have been largely studied, much less is known on the impact of
diets on other milk components such as vitamin D and K, or
proteins. Indeed, n-3-rich diets such as pasture and dietary
supplementation with plant oilseeds (linseed, camelina,
rapeseed,. . .) have major effects on decreasing SFA and
increasing FA (cis-9,trans-11-CLA, α-linolenic acid), yielding
potential positive effects on human health, compared to indoors
or non-supplemented diets. However, the impact of new
resources, such as algae, or new feeding strategies on the
composition of milk lipid fractions remains to be explored to
provide farmers with further recommendations on feeding
strategies that optimize milk fat production and composition.
Moreover, differences in the responses to certain nutritional
factors of the milk fat content and composition in dairy
ruminants have been outlined by indirect and direct comparison
studies, offering an original model to decipher the underlying
mechanisms that control milk fat plasticity.
Due to the development of lipidomics and proteomics
techniques, a further challenge is to dig deeper into the
identification of MFGM components. These approaches have
already been adapted and applied tomilk fat fractions, have given
encouraging results[241] and will deliver new biomarkers of
metabolic status, performance and animal health. Another
challenge is to explore the proposed hypothesis that milkmiRNA
packed in milk fat globules could exert either functional or
nutritional properties.[242]Abbreviations
ACACA, acetyl-CoA carboxylase; BP, biological processes; BRCA1, breast
cancer type 1 susceptibility protein homologue; BTN, butyrophilin; CC,
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corn oil plus starch; CS, camelina seed; DAG, diacylglycerides; DHA,
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phosphatidylinositol; PL, phospholipids; PLIN2, perilipin-2; PS, phos-
phatidylserine; PUFA, polyunsaturated FA; RAE, retinol activity equivalent;
RBH, ruminal biohydrogenation; RO, rapeseed oil; S100A9, protein S100-
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Figure 1. Composition en acides gras (AG) de la matière grasse du lait (Adapté de Lindmark Månsson, 2008). 
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LES POINTS CLES DE LA REVUE : 
European Journal of Lipid Science and Technology (EJLST), 2018 
I. Composition de la matière grasse laitière
La MG du lait (3-5%) se présente sous forme de gouttelettes lipidiques appelées globules gras 
(GG) en émulsion dans une phase aqueuse (87%). Le GG est constitué d’une membrane 
composée de lipides polaires : principalement des phospholipides (PL), de la sphingomyéline 
(SM) et des glycolipides ; elle entoure un noyau de lipides non-polaires (neutres), constitué 
principalement de triglycérides (TG ; 98%). La membrane du GG est constituée de 3 couches : 
une interne provenant du réticulum endoplasmique (RE) et une bicouche externe provenant de 
la région de la membrane apicale de la cellule épithéliale mammaire (CEM), dans laquelle des 
protéines sont ancrées (Voir Figure 1, revue EJLST). La membrane du GG protège les TG du 
noyau lipidique de la lipolyse et de l’oxydation. Les constituants de la MG ont été caractérisés 
chez la plupart des espèces de ruminants et leur importance relative, pour certains d’entre eux, 
diffère selon les espèces (Voir Table 1, revue EJLST). 
La composition en AG des TG du lait des ruminants est caractérisée par une teneur élevée en 
AGS (~70% des AG totaux) (Figure 1), une faible teneur en AGPI (<4%) et la présence d’AG 
de conformation trans (~4%) (Figure 2). Des différences de composition sont observées entre 
espèces de ruminants, en particulier le lait des petits ruminants est plus riche en AG à chaîne 
moyenne (C6-C12) et le lait de vache est plus riche en acide oléique (C18:1 cis-9).  
La fraction des lipides polaires de la membrane du GG du lait (1% des lipides totaux) est 
principalement constituée de PL et de sphingolipides. Cette fraction est majoritairement 
constituée de phosphatidylcholine (PC; 19.2–37.3%), phosphatidyléthanolamine (PE; 19.8-
42%), SM (18-34%), phosphatidylinositol (PI; 0.6-13.6%) et phosphatidylsérine (PS; 1.9-16%). 
Ces constituants sont présents dans des proportions similaires selon les espèces de ruminants, 
avec une forte variabilité due aux méthodes d’extraction et de quantification des PL. 
II. Effets des constituants de la matière grasse laitière sur la santé humaine
La fraction de lipides neutres du lait, et notamment le profil en AG des TG, est une composante 
importante de la qualité nutritionnelle de la MGL. Ainsi, alors que certains AG ont été soulignés 
pour leurs effets positifs sur la santé humaine (C4:0, iso-C15:0, et acides linoléiques conjugués 
Figure 2. Conformations possibles des doubles liaisons des acides gras : trans- (A) ou cis- (B) et exemples (C).
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(CLA) : effet anticarcinogénique ; AGPI n-3 : effets anti-inflammatoire et anti-obésogène), 
d’autres, lorsqu’ils sont consommés en excès, auraient des effets négatifs (AGS, en particulier 
le C16:0 : effet athérogène, bien que ceci reste sujet à débat). Les AG trans du ruminant qui 
sont synthétisés par les microorganismes du rumen ne sont pas associés à un risque de maladie 
cardiovasculaire contrairement aux AG trans d’origine industrielle. Toutefois, le rôle potentiel 
de ces AG sur la santé humaine, ainsi que celui des isomères de CLA, nécessiterait d’être 
confirmé par d'autres études épidémiologiques chez l'Homme. 
De nombreux effets positifs des composants de la membrane du GG du lait de vache ont été 
montrés et rapportés au cours de ces dernières années (diminution de la cholestérolémie, 
inhibition de la croissance des cellules cancéreuses, activité bactéricide contre les agents 
pathogènes gastro-intestinaux, maladie d’Alzheimer, dépression, stress, etc.). Par ailleurs, en 
raison des propriétés émulsifiantes intéressantes de la membrane du GG, certains co-produits 
de l’industrie laitière riches en PL, tels que le babeurre (phase aqueuse libérée lors du barattage 
de la crème dans la fabrication du beurre), ou le lactosérum (phase aqueuse libérée lors de la 
fabrication du fromage) sont utilisés dans l’industrie agro-alimentaire. Ainsi, un intérêt a 
récemment été porté sur le babeurre comme source d'ingrédients fonctionnels et nutritionnels, 
et des recherches sont en cours pour préciser les effets potentiels de cette fraction sur la santé 
humaine. 
III. Effet de l’alimentation sur le métabolisme des lipides chez le ruminant
La quantité et la composition de la MGL des ruminants dépendent principalement du 
métabolisme des lipides dans le rumen et la GM, le tissu adipeux (TA) intervenant plutôt au 
début de la lactation (ou en période de bilan énergétique négatif). Le plasma transporte les 
lipides absorbés (en provenance du rumen) ou mobilisés (en provenance du TA) vers la GM (et 
les autres tissus périphériques). 
1. Rumen
Les rations des ruminants sont naturellement pauvres en lipides (20-40g/kg de matière sèche 
(MS)). Les fourrages sont riches en galactolipides et les concentrés en TG et PL. Les AG 
majeurs provenant de l’herbe pâturée, des fourrages, des céréales et des graines oléagineuses 
sont essentiellement les C18:1 cis-9, C18:2 n-6 et C18:3 n-3; ou dans le cas spécifique d’ajout 
de produits marins dans la ration, des AGPI à longue chaîne de type C20:5 n-3 (EPA) ou C22:6 
n-3 (DHA).
Figure 3. Voies de biohydrogénations ruminales des acides linoléique et linolénique (Adapté de Ferlay et al., 2017). 
*Voie mineure : favorisée en condition de pH bas et/ou de régime riche en amidon et supplémenté en acide gras polyinsaturés
*CLA : Acide linoléique conjugué
*CLnA : Acide linolénique conjugué
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Les lipides ingérés sont tout d’abord hydrolysés par différentes bactéries du rumen, puis les AG 
libérés sont isomérisés (conversion d’AG de conformation cis en trans) puis hydrogénés 
(saturés) par les enzymes microbiennes, on parle de biohydrogénations ruminales (BHR), dont 
les étapes ont été largement décrites, avec une voie majeure conduisant à la synthèse d’AG de 
conformation trans-11, puis de C18:0. Ainsi, le flux duodénal d’AG se caractérise par une faible 
proportion d’AG mono-et polyinsaturés de la ration qui sont fortement biohydrogénés dans le 
rumen, et un grand nombre d’AG insaturés de conformation trans (C18:1 trans, CLA, etc). 
La composition de la ration est un des facteurs qui modifie le profil des AG sortant du rumen, 
notamment, le rapport fourrage sur concentré et le taux d'amidon associé, la supplémentation 
en lipides et l’interaction entre ces différents facteurs. Les rations riches en concentrés 
conduisent à des BHR modifiées, avec un déplacement de la voie classiquement observée, la 
voie des trans-11, vers une voie mineure, la voie des trans-10, notamment en raison d'une 
diminution du pH (Figure 3). La supplémentation en huiles végétales riches en C18:2 n-6 (huile 
de tournesol par exemple) augmente les teneurs duodénales de nombreux isomères Δ 8,10, Δ 
9,11 et Δ 10,12 du C18:2, et C18:1 trans-10 et trans-11. La supplémentation en huiles riches 
en C18:3 n-3 (graines de lin, colza, caméline) conduit à la formation de nombreux isomères 
Δ9,11,15 du C18:3, Δ11,15 et Δ11,13 du C18:2, et C18:1 trans-11 et trans-13. La 
supplémentation en huile de poisson riche en AG à longue chaîne de la série n-3 (EPA et/ou 
DHA), conduit à la synthèse d’AG insaturés contenant 20 à 22 atomes de carbone. Ces AG 
inhibent la saturation des C18:1 trans-10 en C18:0, conduisant ainsi à une accumulation de 
C18:1 trans dans le rumen.  
2. Plasma
Après ces remaniements, les AG issus du métabolisme ruminal des lipides alimentaires sont ré-
estérifiés dans l’intestin grêle sous formes de TG, PL, et esters de cholestérol (EC) et intégrés 
dans les chylomicrons et les lipoprotéines de très faible densité (VLDL) formés dans les 
entérocytes, transportés par voie lymphatique et déversés dans le sang. Dans le plasma, on 
retrouve également des acides gras libres (AGL) et du glycérol issus de la lipomobilisation du 
TA et de l’hydrolyse des TG par la lipoprotéine lipase (LPL), ainsi que des métabolites tels que 
l’acétate et le 3-β-hydroxubutyrate (β-OH) provenant des fermentations ruminales des glucides 
des parois végétales. Les AG des TG et AGL d’une part et l’acétate et le β-OH d’autre part sont 
captés par la mamelle pour la synthèse des TG du lait.  
Figure 4. Principaux gènes impliqués dans le métabolisme des lipides dans la cellule épithéliale mammaire du ruminant. 
ACACA : Acetyl CoA carboxylase ; AG : Acide gras ; AGPAT : Acylglycérol-3 phosphate acyltransférase ; β-OH : β-hydroxybutyrate ; CD36 : Platelet 
glycoprotein 4 ; DGAT : Diacylglycérol acyltransférase ; FABP3 : fatty acid binding protein 3 ; FADS3 : Fatty acid desaturase 3 ; FASN : Fatty acid synthase ; 
GG : globule gras ; GPAT : Glycerol-3-phosphate acyltransferase (forme mitochondriale) ; G3PDH : Glycerol-3-phosphate dehydrogenase ; G6PDH : Glucose-
6-phosphate 1-dehydrogenase ; INSIG1 : Insulin-induced gene 1 protein ; LPIN1 : Phosphatidate Phosphatase LPIN1 ; LPL : Lipoprotéine lipase ; LXR : 
Oxysterols receptor LXR-alpha ; PPAR : Peroxisome proliferative activated receptor, alpha isoform 1 ; PPARG1 : Peroxisome Proliferator Activated Receptor 
Gamma 1 ; SCD1,5 : Stéaroyl-CoA désaturase 1, 5 ; SP1 : Transcription factor SP1 ; SLC2A1 : Solute carrier family 2, facilitated glucose transporter member 
1 ; SREBF1 : sterol response element binding protein ; TG : triglyceride ; VLDL : Lipoprotéine de très faible densité.
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Très peu de données sont disponibles sur les effets des traitements alimentaires sur la 
composition en AG des TG et AGL circulants qui sont ceux captés par la GM, en particulier 
chez la chèvre, ainsi que sur les différences entre espèces. 
3. Glande mammaire
Les AG du lait ont une double origine, ils sont synthétisés de novo dans la CEM à partir 
d’acétate et de β-OH conduisant à la synthèse d’AG à chaîne courte, de C4:0 à C16:0 (≈ 40% 
des AG du lait) et les AG à chaîne longue (≥C18 et environ la moitié du C16; ≈ 60% des AG 
du lait) sont captés par la CEM à partir des AG circulants sous forme de TG et d’AGL. Ces AG 
peuvent ensuite être désaturés dans la CEM essentiellement par l’enzyme Delta-9 Désaturase 
ou Stéroyl-CoA Desaturase (SCD) qui insère une double liaison –cis en position 9 des AG. Ils 
sont ensuite estérifiés sur le glycérol pour générer les TG qui sont sécrétés sous forme de GG 
par la CEM. La lipogenèse mammaire fait intervenir un grand nombre de gènes (Figure 4) 
dont la régulation de l’expression est encore mal connue.  
Les travaux réalisés pour comprendre les mécanismes de la lipogenèse mammaire ont été, pour 
l’essentiel, conduits avec des régimes qui provoquent une chute de sécrétion des MGL chez la 
vache. Ainsi, de nombreux essais ont été réalisés chez la vache, la chèvre et, dans une moindre 
mesure, la brebis laitière avec différents SL ou des infusions duodénales d’AG pour vérifier 
leurs potentiels effets antilipogéniques. Une analyse des bases de données disponibles sur 
l’expression de gènes de la lipogenèse mammaire chez la vache et la chèvre suggère une réponse 
spécifique du métabolisme mammaire aux AG trans chez les 2 espèces, bien que la chèvre soit 
moins sensible à l’effet antilipogénique de ces AG trans sur la synthèse de novo 
comparativement à la vache. Par ailleurs, la LPL ne semble pas être un facteur limitant pour le 
captage des AG longs par la CEM chez la chèvre comparativement à la vache suggérant que 
d’autres gènes pourraient être impliqués ou que la disponibilité en substrat serait un facteur 
limitant. Enfin, chez la vache, la régulation du gène de la SCD s’avère différente des autres 
gènes de la lipogenèse mammaire. En effet, il est peu régulé, probablement du fait de son rôle 
dans la régulation de la fluidité de la MGL, permettant ainsi un équilibre entre captage et 
synthèse des acides gras monoinsaturés (AGMI).  
IV. Spécificité de réponses des espèces de ruminant à certains facteurs nutritionnels
Des différences de réponses à certains facteurs nutritionnels ont été mises en évidence entre les 
3 espèces majeures de ruminants laitiers (vache, chèvre et brebis). Ainsi, d’importantes 
diminutions de sécrétion de MGL sont observées chez la vache recevant des régimes 
contenant 
11
Figure 5. Concentrations en matière grasse du lait (taux butyreux) de 3 espèces de ruminants en réponse à l’ingestion de 2 types de régimes 
supplémentés en lipides. 
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une forte proportion de concentrés seuls ou associés à des lipides riches en AGPI, on parle de 
« Milk Fat Depression (MFD) », alors que ces régimes n’ont pas ou peu d’effet chez la chèvre, 
et la brebis présente une réponse intermédiaire (Figure 5).  
Pour expliquer ces effets, la théorie qui actuellement prévaut est la théorie dite « des 
biohydrogénations ». Elle propose que dans certaines conditions alimentaires, les voies de 
biohydrogénations dans le rumen sont modifiées et conduisent à la synthèse d’AG spécifiques 
qui sont de puissants inhibiteurs de la synthèse des matières grasses dans la GM. Le candidat 
majeur pour ses effets antilipogéniques est l’isomère C18:2 trans-10,cis-12, qui a été validé par 
des études d’infusion post-ruminale (Figure 6). Toutefois, lui seul ne permet pas d’expliquer 
tous les cas de MFD (notamment celles induites par des huiles marines), ni leur ampleur, et il 
est probable que d’autres intermédiaires des BHR tels que les C18:1 trans-10, C18:2 trans-
9,cis-11, C18:2 cis-10,trans-12 et/ou d’autres mécanismes soient impliqués. 
Des comparaisons indirectes de la quantité et de la composition de la MGL chez la vache, la 
chèvre et la brebis alimentées avec des régimes similaires, supplémentés en amidon et huile de 
tournesol (riche en C18:2 cis-9,cis-12), ou supplémentés avec de l’huile de poisson (riche en 
EPA et DHA) ont été réalisées pour décrire et mieux comprendre les différences observées 
entre les espèces de ruminants.  
Pour les régimes riches en amidon et contenant de l'huile de tournesol, les réponses de 
composition en AG du lait chez la chèvre et la brebis ont été essentiellement caractérisées par: 
(1) une augmentation mineure du C18:1 trans-10 comparativement à celle observée chez la
vache, alors qu’une tendance inverse est observée pour le C18:1 trans-11; (2) une augmentation 
plus importante du C18:2 cis-9,trans-11 et pas d’augmentation du C18:2 trans-10,cis-12 
comparativement à la vache (Voir Table 3, revue EJLST). 
Pour les régimes supplémentés en huile de poisson (à 1,6% de matière sèche ingérée (MSI)), 
une chute de sécrétion des MGL a été observée chez la vache et la brebis, mais pas chez la 
chèvre (Voir Table 3, revue EJLST). Chez la chèvre, des diminutions plus faibles des teneurs 
en C18:0 et en C18:1 cis-9 du lait sont observées comparativement à la vache et la brebis. De 
plus, la réponse chez la chèvre se caractérise par une augmentation beaucoup plus faible des 
C18:1 trans-10 et trans-11 et plus globalement de la somme des isomères C18:1 trans. Pour 
tous ces paramètres, la réponse de la brebis est intermédiaire entre la vache et la chèvre. 
Ces comparaisons réalisées chez les 3 espèces de ruminants avec des régimes proches ont 
permis de souligner de fortes différences entre la vache et la chèvre en terme de métabolisme 
ruminal, du fait de la présence, dans le lait, d’intermédiaires spécifiques des BHR des AG (AG 
Figure 6. Modes d’actions connus des régimes riches en amidon et supplémentés en huiles végétales et huiles marines sur le métabolisme des 
lipides chez la vache laitière. 
AG : Aides Gras ; AGNE : Acides Gras Non Estérifiés ; AGPI : Acides gros Polyinsaturés ; β-OH : 3-β-Hydroxybutyrate ; TG : Triglycérides. 
Synthèse Bibliographique 
13
trans) alors que la brebis présente des réponses intermédiaires. Cependant, ces résultats sont 
limités par l'absence d'étude de comparaison directe réalisée dans les mêmes conditions de 
régimes alimentaires notamment de teneur en amidon et de pourcentage de SL. 
Aussi une première étude de comparaison inter-espèces chez vache et chèvre laitières recevant 
les 2 types de régimes (amidon + huile de tournesol, huile de poisson) conduisant à une MFD 
chez la vache a été réalisée par P. Toral en 2012, dans notre équipe. Cette étude a mis en 
évidence des différences majeures de réponse de la MGL entre les 2 espèces avec :  
 Pour le régime supplémenté en huile de tournesol et amidon : une chute de 31% de
sécrétion de MGL chez la vache mais pas de MFD chez la chèvre, associée à une
moindre augmentation en C18:1 trans-10 dans le lait.
 Pour le régime supplémenté en huile de poisson : une diminution de la MGL a été
observée chez la vache, ainsi que chez la chèvre, mais dans une moindre mesure.
 Par ailleurs, l’analyse des profils en AG de la MGL suggère: (1) des voies majeures de
BHR des AG différentes selon les espèces (ce qui a été en partie confirmé par Toral et
al., 2016 mais avec des données partielles) et (2) que des mécanismes différents sont
impliqués dans la réponse à ces 2 régimes.
V. Bilan des comparaisons inter-espèces
Ces premières données de comparaisons directes ou indirectes des mécanismes de régulation 
du métabolisme des lipides chez 2 espèces de ruminants laitiers, à priori proches, soulignent :  
 L’absence de donnée sur la composition en AG des fractions de lipides circulants,
notamment ceux captés par la GM ainsi que sur les différences de ces fractions selon
les espèces.
 L’absence de donnée sur la composition des différentes espèces moléculaires de lipides
polaires du lait selon les espèces de ruminants et les régimes.
 Des données incomplètes sur le métabolisme des lipides dans le rumen notamment chez
la chèvre pour confirmer l’hypothèse d’une voie de BHR majeure, la voie des trans-11,
chez cette espèce quel que soit le régime.
 Des données parfois non cohérentes sur la régulation de l’expression des gènes de la
lipogenèse mammaire par les régimes MFD ; avec un manque d’informations sur les
conditions de prélèvements des tissus, notamment sur l’intervalle de temps entre le
prélèvement et la traite mais aussi la distribution de l’alimentation aux animaux, qui
pourrait être l’un des facteurs explicatifs des différences de résultats.
CHAPITRE 2. OBJECTIFS DE LA THESE 
Objectifs de la Thèse 
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Le projet NutriLip, dans lequel s’inscrit mon travail de thèse, a été construit dans le but 
d’acquérir des connaissances sur la régulation nutritionnelle du métabolisme des lipides dans 
le rumen et la GM, afin d’aboutir à une meilleure maîtrise de la quantité et de la qualité de la 
MGL. L’enjeu de ma thèse est de contribuer à déterminer les mécanismes de la régulation 
nutritionnelle de la MGL pour, à terme, proposer des outils de pilotage afin d’améliorer 
l’efficacité de production des animaux et la qualité nutritionnelle des laits de ruminants, en 
accord avec les attentes des producteurs et des consommateurs.  
Le bilan des données bibliographiques, présenté dans le chapitre précédent, a révélé un manque 
de données pour expliquer les mécanismes impliqués dans les différences entre les 2 espèces 
des régulations nutritionnelles du métabolisme des lipides et nous a conduit aux hypothèses 
suivantes : (1) les différences de réponses entre vaches et chèvres sont associées à des 
différences du métabolisme des lipides dans le rumen, le plasma et la GM et (2) chez la vache, 
les 2 types de rations qui conduisent à une MFD font intervenir des mécanismes différents.  
Les objectifs scientifiques de ma thèse sont : (1) de décrire les spécificités du métabolisme des 
lipides chez 2 espèces de ruminants en réponse à la nutrition, en utilisant des SL variés connus 
pour induire une MFD chez la vache (huile végétale + amidon, produits marins) ou pour 
augmenter les sécrétions de MGL (AG saturés), dans le but d’amplifier les différences de 
réponses et (2) comprendre les mécanismes et identifier des molécules régulatrices (ou 
marqueurs) de la différence de réponse entre vaches et chèvres à la supplémentation lipidique.  
Pour atteindre ces objectifs, mon travail de thèse a été décomposé en 5 tâches : 
1/ Conduire une expérimentation in-vivo de comparaison directe entre vaches et chèvres 
laitières pour étudier l’impact de différents suppléments lipidiques sur le métabolisme des 
lipides (Constitution d’une base de données). 
2/ Analyser (1) les données des performances des animaux pour caractériser les spécificités de 
réponses des espèces selon les régimes supplémentés en lipides, et (2) la composition fine en 
AG du lait, notamment le C18:0 et les isomères trans qui sont des indicateurs du 
fonctionnement du rumen (Publication 1). 
3/ Etudier le métabolisme des lipides dans la GM par des mesures d’expressions de gènes 
impliqués dans les voies majeures de la lipogenèse, chez les deux espèces, mais aussi par des 
mesures d’activités enzymatiques chez la vache (Publication 2). 
4/ Caractériser l’effet de régimes supplémentés en 2 sources lipidiques (proches en termes de 
composition à 2 de celles de mon essai expérimental) sur la composition des classes de lipides 
Objectifs de la Thèse 
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du plasma de vaches et chèvres laitières issues d’une 1ère étude pilote de comparaison inter-
espèces réalisée dans notre équipe (Publication 3). 
5/ Relier l’ensemble des données obtenues pour mieux comprendre les mécanismes et les 
déterminants de la synthèse de la MGL chez les 2 espèces de ruminants ; identifier des 
molécules régulatrices ou marqueurs des spécificités du métabolisme des lipides chez ces 2 
espèces (Discussion générale). 
CHAPITRE 3.  DESCRIPTION DE
L’EXPERIMENTATION IN VIVO SUR VACHES ET 
CHEVRES LAITIERES
Figure 7. L’expérimentation NutriLip comprend 2 carrés latins 4 x 4 (un par espèce) avec n = 12 animaux (dans le cadre de ma thèse) et 2 carrés 
latins 4 x 4 (un par espèce) avec n = 4 animaux, puisqu’à la fin de chaque période, un animal de chaque lot (le même à chaque période) rejoignait 
les enceintes respiratoires pour des mesures complémentaires. 
Expérimentation In-Vivo
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L’expérimentation, approuvée par le comité d’éthique régional, a été mise en place dans le 
cadre du projet NutriLip (2015-2018) financé par APIS-GENE sur le site des Cèdres de 
l’Herbipôle (INRA, Puy de Dôme, Auvergne, France). Elle s’est déroulée de Février à Juillet 
2016, et a été réalisée en collaboration avec 9 scientifiques de l’Unité. Pour réaliser cette 
comparaison inter-espèces, 2 essais nutritionnels ont été conduits simultanément sur des vaches 
et des chèvres laitières. Des prélèvements et mesures ont été effectués sur l’ensemble des 
animaux (n = 12 par espèce) pour déterminer les performances laitières et les profils en AG du 
lait, du plasma, du contenu de rumen, la composition en lipides du lait et du plasma 
(lipidomique), les teneurs en vitamines B du lait et du plasma, les paramètres fermentaires du 
rumen et une caractérisation du microbiote ruminal : les bactéries (composition et activité) et 
les protozoaires (dénombrement). Des prélèvements de tissus mammaires ont aussi été réalisés 
afin d’étudier le métabolisme mammaire via l’expression de gènes cibles et la mesure 
d’activités enzymatiques. De plus, à la fin de chaque période expérimentale, un animal par lot 
et par espèce (n = 4 par espèce) (Figure 7) était placé en enceinte respiratoire pour des mesures 
de bilans digestifs quantitatifs (émissions de méthane et digestibilité) afin de préciser 
l’efficacité alimentaire selon les espèces et les régimes. Pendant cette période, le comportement 
alimentaire était évalué par l’utilisation de collier Ethosys (IMF Technology GmbH, Francfort, 
Allemagne) mesurant les temps d’ingestion et de rumination, mais aussi par des sessions 
d’observations directes d’activités des animaux (Figure 8 et Table 1). Seule la partie 
expérimentale utilisée dans cette thèse (Figure 8 et Table 1) est présentée par la suite. 
I. Animaux
Douze vaches Holstein et 12 chèvres Alpines, multipares, non gestantes et à des stades de 
lactation de 86 ± 24,9 et 61 ± 1,8 jours respectivement, ont débuté l’essai par une période pré-
expérimentale d’une durée de 2 semaines. Des données de production ont été recueillies 
(production laitière, taux butyreux (TB), taux protéique (TP) et taux de cellules (LIAL, 
Aurillac) pour chaque animal et ont permis, à l’issue de cette période pré-expérimentale, de 
constituer pour chaque espèce, 4 lots homogènes de 3 animaux. Chacun d’entre eux a ensuite 
été conduit selon 2 carrés latins 4x4 (un par espèce) et a reçu 4 régimes expérimentaux pendant 
4 périodes de 28 jours. Chaque période était constituée de 2 semaines d’adaptation (S1 et S2), 
puis de 2 semaines de prélèvements et mesures (S3 et S4) (Figure 9) 
Chaque lot d’animaux a reçu les 4 régimes expérimentaux dont la succession a été déterminée 
de façon aléatoire et identique entre les espèces (Figure 10). 
Figure 8. Mesures et prélèvements effectués dans le cadre du projet NutriLip. 
En jaune : mesures et prélèvements effectués sur 4 animaux par espèce, en enceintes respiratoires. 
En gris : mesures et prélèvements effectués sur 12 animaux par espèce, hors enceinte respiratoire, dont ceux reliés en bleu ont été utilisés pour la thèse. 
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Pendant toute la durée de l’expérimentation, les vaches étaient logées en stabulation libre et 
nourries au cornadis qui leur était attribué (utilisation de colliers d’identification), les chèvres 
étaient logées en cases individuelles dans la chèvrerie afin d’assurer un suivi individuel des 
quantités ingérées et refusées.  
II. Régimes
1. Composition
Les 4 régimes étaient à base de 45% de foin de prairie naturelle et 55% de concentrés, 
supplémentés ou non en lipides : Le régime CTL (Control) non supplémenté en lipides, le 
régime COS (pour « Corn Oil and Starch ») supplémenté en huile de maïs et amidon (5% MSI ; 
Olvea, Saint Léonard, France), le régime MAP (pour « Marine Algae Powder ») supplémenté 
en poudre d’algue Schyzochytrium sp (1,5% MSI ; DSM, Basel, Suisse) et le régime HPO (pour 
« Hydrogenated Palm Oil ») supplémenté en huile de palme hydrogénée (3% MSI ; Provimi, 
Cargill, Saint-Germain-En-Laye, France). Afin de maximiser les différences de réponses chez 
la vache, 2 types de SL parmi ceux connus pour induire une MFD (huile végétale + amidon, 
produits marins (Bauman and Griinari, 2001)) ont été choisis, ainsi qu’un SL ayant pour effet 
d’augmenter les sécrétions de MGL chez la vache. Ainsi, l’huile de maïs a été choisie pour sa 
richesse en C18:2 n-6 (54%) et C18:1 cis-9 (30%), proche de l’huile de tournesol utilisée dans 
un essai précédent (Toral et al., 2017). Elle présente aussi l’avantage d’être une ressource 
végétale qui n’est pas utilisée pour l’alimentation humaine. En accord avec de nombreuses 
données de la littérature (Roy et al., 2006 ; Toral et al., 2015), le résultat attendu chez la vache 
était une diminution de sécrétion des MGL, alors qu’aucun effet sur ce paramètre n’a été 
observé chez la chèvre (Bernard et al., 2009). Pour disposer de lipides d’origine marine, et ainsi 
comparer les résultats avec Toral et al. (2015), le choix s’est porté sur la poudre d’algue 
Schyzochytrium sp, riche en DHA (42%). Ayant été très peu étudiée dans la littérature, son 
utilisation a permis d’apporter de nouvelles données sur ce type de lipides. Riche en AGPI à 
longues chaines, comme l’huile de poisson, l’effet attendu chez la vache est une chute de TB. 
Le dernier SL choisi, l’huile de palme hydrogénée, riche en AGS (45% de 16:0 et 33% de 18:0), 
n’est certes pas une ressource intéressante d’un point de vue environnemental, mais elle 
présente l’avantage d’augmenter la production de MGL chez la vache, même en présence d’un 
régime riche en concentrés (Piantoni et al., 2013).  
Le foin utilisé pendant toute la durée de l’expérimentation était un foin de 1er cycle, au stade 
d’épiaison, provenant d’une prairie permanente de mi-montagne (Auvergne) et récolté par beau 
temps, ses caractéristiques sont présentées dans la Table 2. Quatre concentrés (un par régime) 
Expérimentation In-Vivo 
Figure 9. Organisation des périodes expérimentales pour les 2 espèces. 
P1, 2, 3, 4 : Période 1, 2, 3, 4 ; S1, 2, 3, 4 : Semaine 1, 2, 3, 4. 
Figure 10. Ordre d’attribution des régimes aux différents lots de vaches (Lots 1 à 4) et de chèvres (Lots 5 à 8). 
CTL : Régime Contrôle ; COS : Régime supplémenté en huile de maïs et amidon ; HPO : Régime supplémenté en huile de palme hydrogénée ; MAP : Régime 
supplémenté en poudre d’algues ; P1, 2, 3, 4 : Période 1, 2, 3, 4 ; S1, 2, 3, 4 : Semaine 1, 2, 3, 4.  
Vaches/Chèvres Lot 1/Lot 5 Lot 2/Lot 6 Lot 3/Lot 7 Lot 4/Lot 8 
P1 CTL COS HPO MAP 
P2 HPO CTL MAP COS 
P3 COS MAP CTL HPO 
P4 MAP HPO COS CTL 
P1 P2 P3 P4 
S1     S2      S3     S4 S1     S2      S3     S4 S1     S2      S3     S4 S1     S2      S3     S4 
Transition  
et 
Adaptation 
Prélèvements 
et  
Mesures 
Pré-expé
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ont été préparés par Neovia (Saint Nolff, France) avec une formulation différente de manière à 
assurer des apports similaires entre chaque régime (comprenant aussi le fourrage et le SL, 
excepté pour le régime CTL) en termes d’Unité Fourragère Lait (UFL) et de Protéines 
digestibles dans l’Intestin (PDI). Ces concentrés étaient tous composés de granulés de grain de 
maïs concassé, de tourteau de soja et de luzerne déshydratée, excepté pour le régime COS où 
la luzerne déshydratée a été remplacée par du blé aplati afin d’augmenter l’apport en amidon 
(+40% par rapport au régime CTL).  La composition des concentrés est présentée dans la Table 
2, et la composition en AG des 3 SL est présentée dans la Table 3. 
2. Distribution
La période expérimentale commençait par une période d’adaptation au régime de 6 jours en 
diminuant progressivement l’apport du concentré du régime distribué pendant la période 
précédente et en augmentant l’apport du concentré associé au nouveau régime. Ainsi, pendant 
les 2 premiers jours, le concentré distribué correspondait à 25% du nouveau concentré + 75% 
du concentré de la période précédente + 25% de SL (excepté pour le régime CTL), les 2 jours 
suivants, le concentré distribué correspondait à 50% du nouveau concentré + 50% du concentré 
de la période précédente + 50% du nouveau SL, pour atteindre les 2 jours suivants : 75% du 
nouveau concentré, 25% du concentré de la période précédente et 75% du nouveau SL. Le 
septième jour, la nouvelle ration était complète, avec 100% du nouveau concentré et 100% du 
nouveau SL.  
Les quantités d’aliments (foin, concentrés et SL) distribuées étaient calculées individuellement 
selon les besoins des animaux, en fonction de leur production laitière et poids vif déterminés 
pendant la période pré-expérimentale puis ajustées chaque jour grâce aux pesées des offerts et 
des refus. La distribution de la ration journalière se faisait en 4 fois : après la traite du matin 
(8h30), la moitié de la quantité de concentré en mélange homogène avec le SL était distribuée. 
Après ingestion des aliments concentrés, la moitié de la quantité de foin prévue pour la journée 
était distribuée. Puis à 15h30, après la traite du soir, le solde de concentrés était distribué, suivi 
du solde de foin. Ce rythme de distribution a permis de déterminer les quantités de foin et 
concentrés refusés afin de réajuster les quantités le lendemain dans le but de contrôler leur 
pourcentage d’apports (45% de foin, 55% de concentrés) et de le maintenir identique entre les 
2 espèces. 
Les prélèvements et mesures effectués et exploités dans le cadre de la thèse sont présentés sur 
la Figure 9.  
Expérimentation In-Vivo
Table 1. Fréquence des prélèvements chez les 2 espèces. 
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Table 2. Composition des concentrés et du fourrage distribués aux vaches et chèvres 
laitières pendant l’expérimentation in-vivo.  
1Control = concentré de base non supplémenté en lipide ; COS = concentré de base supplémenté en 
amidon de blé et en huile de maïs (Olvea, Saint Léonard, France) ; MAP = concentré de base 
supplémenté en poudre d’algues de Schyzochytrium sp (DSM, Basel, Switzerland) ; HPO = concentré 
de base supplémenté en huile de palme hydrogénée (Provimi, Crevin, France). 
La fabrication des granulés a été réalisée dans des conditions thermiques et mécaniques contrôlées : 54° 
C, 2,5 bars, section de 4 mm. 
2Énergie nette pour la lactation calculée selon INRA (2007). 
3PDIE (protéines digestibles dans l’intestin permises par l’énergie) calculées selon INRA (2007). 
Concentrés1 Fourrage 
Item CTL COS MAP HPO Foin de prairie 
Ingrédients, g/kg MS 
   Blé . 395 . . . 
   Maïs 532 394 518 500 . 
   Soja 138 150 142 147 . 
   Luzerne déshydratée 275 . 283 294 . 
   Mélasse 37 35 38 39 . 
   Dicalcium Phosphate 2 2 2 2 . 
   Farine de Carbonate 11 19 12 13 . 
   Sel 3 3 3 3 . 
   CMV 2 2 2 2 . 
Composition chimique, g/kg de MS 
   MO 923 964 922 932 921 
   CP 267 264 257 265 142 
   NDF 198 125 206 206 625 
   ADF 110 42 113 116 351 
  Amidon 365 507 342 337 . 
Extrait éthéré 23 47 26 39 15 
   C14:0 0.04 0.02 0.40 0.24 0.07 
   C16:0 3.91 5.87 4.05 10.87 2.38 
   C16:1 cis-9 0.03 0.05 0.05 0.02 0.02 
   C18:0 0.62 0.78 0.59 8.33 0.20 
   C18:1   cis-9 5.43 11.98 3.98 4.44 0.35 
   C18:1 cis-11 0.23 0.36 0.23 0.18 0.05 
   C18:2n-6 12.6 24.8 8.7 9.7 1.98 
   C18:3n-3 2.01 0.82 2.84 1.62 4.98 
   C20:5n-3 0.003 0.001 0.002 0.002 ND 
   C22:5n-3 0.05 0.03 0.09 0.04 0.13 
   C22:6n-3 ND ND 3.06 ND 0.004 
AG totaux 26.3 45.8 27.1 37.3 12.89 
Energie2, MJ/kg de MS5 6.43 7.66 6.51 6.82 4.84 
Protéines3, g PDIE /kg de MS6 102 104 103 103 55 
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Table 3. Composition en acides gras des suppléments lipidiques. 
AG (% AG totaux) Huile de Maïs Poudre d’algue 
Schyzochytrium sp 
Huile de Palme 
Hydrogénée 
% d’Inclusion dans la ration totale (% MSI) 5 1,5 3 
C12:0 - 0,11 0,51 
C14:0 - 4,27 1,24 
C15:0 - 0,17 0,05 
C16:0 11,4 11,7 46,3 
C16:1 cis-9 - 0,09 - 
C17:0 - 0,03 0,13 
C18:0 1,64 0,25 47,4 
C18:1 cis-9 29,7 0,06 1,18 
C18:1 cis-11 0,63 0,06 0,07 
C18:2 n-6 53,5 0,007 0,08 
C18:3 n-3 0,76 0,02 - 
C20:0 0,35 0,02 0,34 
C20:3 n-6 - 0,22 - 
C20:4 n-6 - 0,26 0,36 
C22:0 0,10 0,02 - 
C22:5 n-3 - 0,26 - 
Inconnu - 14,8 - 
C22:6 n-3 - 37 - 
C24:0 0,15 - - 
C24:1 cis-15 - 0,03 - 
Total AG 100 71,7 99,5 
- : Non Détecté
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CHAPITRE 4. RESULTATS
Résultats 
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PUBLICATION 1 
Diets supplemented with starch and corn oil, marine algae, or hydrogenated palm oil 
differentially modulate milk fat secretion and composition in cows and goats: A 
comparative study. 
H. Fougère, C. Delavaud, and L. Bernard
Université Clermont Auvergne, INRA, VetAgro Sup, UMR Herbivores, F-63122 Saint-Genès-Champanelle, France
Publiée dans Journal of Dairy Science 101(9):8429-8445. 
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 Décrire les performances laitières et la composition en AG du lait de vaches et de
chèvres recevant des régimes riches en concentré et supplémentés en lipides variés
connus pour leurs effets négatif ou positif sur la MGL chez la vache.
 Déterminer les variations de profils en AG du lait chez ces 2 espèces en réponse à la
supplémentation lipidique, notamment :
- Les AG trans, indicateurs du métabolisme ruminal
- Les AG associés à un effet antilipogénique (C18:1 trans-10, CLA trans-
10,cis-12)
- Les sommes d’AG issus de la synthèse de novo (Σ<C16), et du captage des
AG longs plasmatiques (Σ>C16), dans la GM.
4 Régimes : 
CTL : non supplémenté en lipide (Contrôle) 
COS : 5% Huile de maïs (riche en C18:2 n-6) + Amidon (+40% par rapport au CTL)       
DHA : 1,5% Poudre d’algues Schizochytrium sp (riche en DHA) 
HPO : 3% Huile de Palme hydrogénée (riche en C16:0 et C18:0) 
OBJECTIFS 
Même stade de lactation, non gestantes  2 Carrés Latins 4x4 conduits 
simultanément (1 par espèce)  
12 vaches 
12 chèvres 
DEMARCHE EXPERIMENTALE 
Résultats 
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Table : Variation de la quantité et de la composition de la matière grasse laitière à des régimes 
supplémentés en lipides chez la vache et la chèvre. 
% par rapport au CTL 
Vaches Chèvres P-value1
COS2 MAP HPO COS MAP HPO 
Espèce 
(Es) 
Régime 
(R) 
Es x R 
TB3 (g/100g) -45% -22% +13% = -15% =   0,002 <0,001 <0,001 
MG4 (g/j) -50% -26% = = = = <0,001 <0,001 <0,001 
Σ < C16 (mmol/j/kg PV) -74% = = -27% -15% = <0,001 <0,001   0,004 
Σ C16:0 + C16:1 cis-9 
(mmol/j/kg PV) 
-61% -31% +20% -23% -27% =   0,004 <0,001 <0,001 
Σ > C16 (mmol/j/kg PV) -26% -34% = +45% -32% =   0,001 <0,001 <0,001 
CLA trans-10,cis-12 
(mg/100g AG) 
+1736% = = = = = <0,001 <0,001 <0,001 
C18:1 trans-10 (% AGT) +1265% +306% = = = = <0,001 <0,001 <0,001 
Σ C18:1 trans- (% AGT) +340% +212% = +97% +164% = <0,001 <0,001 <0,001 
Σ C18:0 + C18:1 cis-9 (% 
AGT) 
+24% -59% = -31% -61% = <0,001 <0,001   0,324 
Σ C16:0 + C16:1 cis-9 (% 
AGT5) 
-21% = +10% -21% = = <0,001 <0,001   0,035 
1 Probabilité d'effets significatifs dus à l’espèce (Sp), au régime (R) et l’intéraction entre les deux (Sp x R). 
2COS : Corn Oil and Starch, MAP : Marine Algae Powder, HPO : Hydrogenated Palm Oil 
3TB : Taux Butyreux 
4MG : Matière Grasse 
5AGT : Acides Gras Totaux 
 Ce modèle de comparaison inter-espèces met en évidence de fortes différences de
sécrétions de MG et de composition du lait chez la vache et la chèvre, en réponse à des
SL variés, notamment avec le régime COS.
 La forte chute de TB et de MG sécrétée observée chez la vache mais pas chez la chèvre,
avec le régime COS, est associée à la présence d’AG antilipogéniques tels que le CLA
trans-10,cis-12 et le C18:1 trans-10
 La chute de TB et de MG sécrétée observées chez les 2 espèces avec le régime MAP est
associée à une augmentation des C18:1 trans, ainsi qu’à une diminution de C18:0 et
C18:1 cis-9, ce qui contribue à diminuer la fluidité de la MG et à inhiber sa sécrétion.
 Avec HPO, l’augmentation de TB observée chez la vache, mais pas chez la chèvre, est
associée à une augmentation de sécrétion de la somme de C16:0 + C16:1 cis-9.
 La chèvre se caractérise par une plus grande stabilité de sécrétion de la MGL en réponse
à l’ajout de SL dans une ration riche en amidon, comparativement à la vache.
Une partie de ces résultats a fait l’objet de présentations à des congrès (Annexes 1 et 2). 
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ABSTRACT
A direct comparative study of dairy cows and goats 
was performed to characterize the animal performance 
and milk fatty acid (FA) responses to 2 types of diets 
that induce milk fat depression in cows as well as a 
diet that increases milk fat content in cows but for 
which the effects in goats are either absent or un-
known. Twelve Holstein cows and 12 Alpine goats, all 
multiparous, nonpregnant, and at 86 ± 24.9 and 61 ± 
1.8 DIM, respectively, were allocated to 1 of 4 groups 
and fed diets containing no additional lipid (CTL) or 
diets supplemented with corn oil [5% dry matter intake 
(DMI)] and wheat starch (COS), marine algae powder 
(MAP; 1.5% DMI), or hydrogenated palm oil (HPO; 
3% DMI), according to a 4 × 4 Latin square design 
with 28-d experimental periods. Dietary treatments 
had no significant effects on milk yield and DMI in 
both species, except for COS in cows, which decreased 
DMI by 17%. In cows, milk fat content was lowered 
by COS (−45%) and MAP (−22%) and increased by 
HPO (13%) compared with CTL, and in goats only 
MAP had an effect compared with CTL by decreasing 
milk fat content by 15%. In both species, COS and 
MAP lowered the yields (mmol/d per kg of BW) of 
<C16 and C16 FA. With COS, this decrease was com-
pensated by an increase of >C16 FA in goats, but not 
in cows, and the >C16 FA yield decreased with MAP 
in both species. HPO supplementation increased the 
milk yield of C16 FA in cows. Compared with CTL, 
COS induced an increase of trans-10,cis-12 conjugated 
linoleic acid by 18 fold in cows and 7 fold in goats and 
of trans-10 18:1 by 13 fold in cows and 3 fold in goats. 
Moreover, other conjugated linoleic acid isomers, such 
as trans-10,trans-12 and trans-7,cis-9, were increased 
to a greater extent in cows (8 and 4 fold, respectively) 
compared with goats (4 and 2 fold, respectively) on 
the COS treatment. In both species, the responses to 
MAP were characterized by a decrease in the milk con-
centration of 18:0 (3 fold, on average) and cis-9 18:1 (2 
fold, on average) combined with a 3-fold increase in the 
total trans 18:1, with an increase in trans-10 18:1 only 
observed in cows. Compared with CTL, the response 
to HPO was distinguished by an increase in 16:0 (10%) 
in cows. This comparative study clearly demonstrated 
that each ruminant species responds differently to COS 
and HPO treatments, whereas MAP caused similar ef-
fects, and that goats are less sensitive than cows to 
diets that induce a shift from the trans-11 toward the 
trans-10 ruminal pathways.
Key words: ruminant species, lipid supplement, milk 
fatty acid, milk fat plasticity
INTRODUCTION
The ability to better control milk fat content and 
composition is central to improving both the nutri-
tional quality of dairy products, as some fatty acids 
(FA) have potential positive or negative effects on 
human health (Givens, 2015; Ferlay et al., 2017), and 
the production efficiency of dairy ruminants. In recent 
decades, the addition of lipid supplements to ruminant 
diets has been used to improve energy intake in high-
producing dairy cows (Chilliard et al., 1993) and to 
influence milk FA composition (Doreau et al., 2012). 
However, certain dietary conditions in dairy cows; (1) 
diets rich in starch (e.g., high-grain/low-forage diets) 
and supplemented with PUFA from plants or (2) diets 
supplemented with PUFA of marine origin (mainly 
fish oils and algae) cause milk fat depression (MFD; 
Bauman and Griinari, 2001), whereas others, such as 
dietary addition of calcium salts from palm oil, increase 
milk fat content (Mosley et al., 2007).
Different theories have been proposed to explain the 
causes of MFD. For diets rich in starch and supple-
mented with vegetable oil (rich in PUFA), the biohy-
drogenation (BH) theory prevails and attributes MFD 
to the antilipogenic effect of specific trans FA that are 
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formed in the rumen, particularly trans-10,cis-12 CLA 
(Bauman and Griinari, 2003; Shingfield and Griinari, 
2007). For diets including marine supplements, an ex-
tension of the BH theory was proposed that includes 
the role of changes in the availability of long-chain FA 
in the mammary gland that essentially consist of an 
increase in the total trans 18:1 at the expense of 18:0, 
which would increase the milk fat melting point and 
contribute to lower milk fat synthesis (Shingfield and 
Griinari, 2007; Gama et al., 2008). However, the under-
lying mechanisms remain poorly documented.
Conversely, regardless of dietary conditions, MFD 
is not commonly observed in small ruminant species, 
particularly in goats under dietary conditions similar to 
those that induce MFD in cows (Shingfield et al., 2010). 
Differences have been suggested in ruminal PUFA 
biohydrogenation pathways and mammary lipogenesis 
by indirect comparisons of the milk fat content and 
composition in cows (Roy et al., 2006; Shingfield et al., 
2003) and goats (Ollier et al., 2009; Toral et al., 2014) 
fed similar diets, which induce MFD in cows but not in 
goats. This assumption was evaluated by a direct com-
parison experiment (Toral et al., 2015) in dairy cows 
and goats fed similar diets supplemented with sunflower 
oil and enriched with starch or only supplemented with 
fish oil. Their study showed interspecies differences in 
milk fat secretion and FA composition, with both diets 
inducing MFD in cow; however, surprisingly, MFD was 
observed in goats under fish oil supplementation at 2% 
dry DMI, although the degree was lower.
To confirm and complete these findings, the pres-
ent comparative experiment was designed with the aim 
to describe the responses of dairy cows and goats to 
diets supplemented with corn oil and starch (COS) 
or marine algae powder (MAP) or hydrogenated palm 
oil (HPO). These dietary treatments have been chosen 
to either induce MFD for the 2 former or increase fat 
content in cows for the latter and for which the re-
sponses are putative (for COS and HPO) or unknown 
(for MAP) in goats. Another objective was to identify 
milk FA biomarkers of the different responses to the 
MFD diets, which could give insights into the mecha-
nisms involved. 
Our hypotheses were that (1) MFD induced by 
starch and plant oils or marine supplements was due 
to changes in ruminal (studied by inference with milk 
trans FA) as well as postabsorptive (transport and 
mammary uptake of FA and lipogenesis) tissue me-
tabolism with different mechanisms involved; (2) diets 
inducing increased fat content is caused by postabsorp-
tive tissue metabolism; and (3) that these mechanisms 
and responses differ between ruminant species, with the 
goat being less sensitive to rumen fermentation changes 
induced by diet than the cow. To achieve these goals, 
the effects of various lipid supplements on dairy perfor-
mances, milk FA composition, with particular emphasis 
on trans-FA reflecting ruminal PUFA biohydrogenation 
pathway and plasma metabolites precursors of mam-
mary de novo lipogenesis, were determined on dairy 
goats and cows.
MATERIALS AND METHODS
Animals, Experimental Design, Diets,  
and Management
All experimental procedures were approved by the 
Auvergne Rhône-Alpes Ethics Committee for Experi-
ments on Animals (France; DGRI agreement APAF-
IS#3277–2015121411432527 v5), and were compliant 
with the guidelines established by the European Union 
Directive 2010/63/EU. Twelve Holstein cows and 12 
Alpine goats, all multiparous, nonpregnant, and at 
the lactation stage of 86 ± 24.9 and 61 ± 1.8 DIM 
(±SD), respectively, were used for the experiment. 
Cows were housed in a common freestall and goats in 
individual stalls in separate dedicated facilities at the 
same research site. Animals were then allocated to 1 of 
4 groups (3 cows and 3 goats per group), which were 
balanced according to DIM, milk production, and milk 
fat and milk protein content, in a replicated, 4 × 4 
Latin square design to test the effects of 4 treatments 
that were randomly assigned to each group over four 
28-d experimental periods (Kaps and Lamberson, 2009)
from February to July 2016.
All animals were offered grass hay ad libitum (first 
cycle, harvested at the heading stage, and from natu-
ral permanent half mountain grassland) supplemented 
with concentrates containing no additional lipid (con-
trol; CTL), corn oil (Olvea, Saint Léonard, France) and 
wheat starch (COS), marine algae powder [DHA Gold 
(Schizochytrium sp.), DSM, Basel, Switzerland; MAP], 
or hydrogenated palm oil (Provimi, Cargill, Saint-
Germain-En-Laye, France; HPO). The formulation, 
chemical composition, and FA profile of experimental 
concentrates, with or without lipid supplementation, 
and grassland hay are reported in Table 1. Concen-
trates (Neovia, Saint Nolff, France) were composed of 
cracked corn grain, soybean meal, and pelleted dehy-
drated alfalfa, except for COS, in which pelleted de-
hydrated alfalfa was replaced by flattened wheat grain 
to increase the starch content of that treatment (40% 
more starch in COS concentrate compared with the 
CTL concentrate). Lipid supplements were manually 
mixed with the concentrate immediately before feeding 
and allocated to the cows and goats as 920 and 111 g/d 
of corn oil, 310 and 40 g/d of marine algae powder, and 
630 and 80 g/d of hydrogenated palm oil, respectively. 
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Diets were offered as 2 equal meals at 0830 and 1600 
h, starting with the concentrate (supplemented or not 
in lipids) distribution and followed by hay. Concentrate 
and hay refusals were weighed daily and used to adjust 
the amounts of feed offered the following day to main-
tain the targeted dietary forage to concentrate ratio 
(45:55 on a DM basis). Before starting the experiment, 
all animals received the CTL diet for a 16-d adapta-
tion period. Animals had access to a constant supply 
of fresh water ad libitum and were milked at 0800 and 
1530 h.
Measurements and Sampling Procedures
Individual feed intake was recorded daily, but only 
measurements collected during the last week of each 
experimental period were used for statistical analysis. 
Representative samples of hay and concentrates were 
collected weekly during the last 3 wk of each 28-d ex-
perimental period, and a subsample was used to deter-
mine DM content by drying at 103°C for 48 h. Weekly 
subsamples were composited by period and species and 
used to determine chemical composition.
Table 1. Formulation of experimental concentrates and chemical composition of concentrates and forage
Item
Concentrate1 Forage
Control COS2 MAP3 HPO4 Grassland hay
Ingredient, g/kg of DM
 Wheat — 395 — — —
 Corn 532 394 518 500 —
 Soy 138 150 142 147 —
 Dehydrated alfalfa 275 . 283 294 —
 Molasses cane 37 35 38 39 —
 Dicalcium phosphate 2 2 2 2 —
 Carbonate flour 11 19 12 13 —
 Salt 3 3 3 3 —
 Mineral and vitamin complement 2 2 2 2 —
Chemical composition, g/kg of DM
 OM 923 964 922 932 921
 CP 267 264 257 265 142
 NDF 198 125 206 206 625
 ADF 110 42 113 116 351
 Starch 365 507 342 337 —
 Ether extract 23 47 26 39 15
 14:0 0.04 0.02 0.40 0.24 0.07
 16:0 3.91 5.87 4.05 10.87 2.38
 cis-9 16:1 0.03 0.05 0.05 0.02 0.02
 18:0 0.62 0.78 0.59 8.33 0.20
 cis-9 18:1 5.43 11.98 3.98 4.44 0.35
 cis-11 18:1 0.23 0.36 0.23 0.18 0.05
 18:2n-6 12.6 24.8 8.7 9.7 1.98
 18:3n-3 2.01 0.82 2.84 1.62 4.98
 20:5n-3 0.003 0.001 0.002 0.002 ND5
 22:5n-3 0.05 0.03 0.09 0.04 0.13
 22:6n-3 ND ND 3.06 ND 0.004
 Total FA 26.3 45.8 27.1 37.3 12.89
Energy,6 MJ/kg of DM 6.43 7.66 6.51 6.82 4.84
Protein,7 g of PDI /kg of DM 102 104 103 103 55
1Control = basal concentrate containing no additional oil; COS = basal concentrate containing wheat starch and supplemented with corn oil; 
MAP = basal concentrate supplemented with marine algae powder of Schiyzochytrium sp.; HPO = basal concentrate supplemented with hydro-
genated palm oil. The pellets were manufactured under certain thermal and mechanical conditions: 54°C, 250 kPa, 4-mm section.
2Corn oil (Olvea, Saint Léonard, France) was added to the concentrate at 5% of total DMI and contained [g/kg of total fatty acids (FA)]: 16:0 
(114), 18:0 (16.4), cis-9 18:1 (297), cis-11 18:1 (6.30), 18:2n-6 (535), 18:3n-3 (7.57), 20:0 (3.48), 22:0 (1.0), 24:0 (1.5), and total fatty acids (1,000 
g/kg).
3Marine algae powder (DSM, Basel, Switzerland) was added to the concentrate at 1.5% of total DMI and contained (g/kg of total FA): 12:0 
(1.12), 14:0 (42.7), 15:0 (1.73), 16:0 (117), cis-9 16:1 (0.88), 17:0 (0.29), 18:0 (2.47), cis-9 18:1 (0.56), cis-11 18:1 (0.55), 18:2n-6 (0.07), 18:3n-3 
(0.18), 20:0 (0.17), 20:3n-6 (2.18), 20:4n-6 (2.62), 22:0 (0.24), 22:5n-3 (2.58), 22:6n-3 (370), cis-15 24:1 (0.25), and total fatty acids (717 g/kg).
4Hydrogenated palm oil (Provimi, Crevin, France) was added to the concentrate at 3% of total DMI and contained (g/kg of total FA): 12:0 
(5.09), 14:0 (12.4), 15:0 (0.51), 16:0 (463), 17:0 (1.26), 18:0 (474), cis-9 18:1 (11.8), cis-11 18:1 (0.71), cis-9, cis-12 18:2 (0.78), 20:0 (3.39), 20:4 
n-6 (3.58), and total fatty acids (995 g/kg).
5ND = not detected.
6Net energy for lactation calculated according to INRA (2007).
7PDI (protein digestible in the intestine) calculated according to INRA (2007).
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The milk yields of individual animals were recorded 
over 6 milkings at 0800 and 1500 h on d 21, 22, and 
24 of each experimental period. Simultaneously, milk 
samples were individually collected and treated with 
preservative (bronopol-B2; LIAL, Aurillac, France) to 
measure fat, protein, and lactose. Unpreserved milk 
samples (2 × 3 mL) were also collected over 2 con-
secutive milkings on d 24 of each experimental period 
and stored at −20°C for FA and lipoprotein lipase 
(LPL) activity (Bernard et al., 2005) analyses. Blood 
samples (10 mL) from the jugular vein were collected 
in evacuated collection tubes containing EDTA (9 mL; 
Terumo Vacutainer-LML, Nemours, France) from all 
experimental animals before the morning feeding on d 
27 of each experimental period. Plasma recovered after 
centrifugation (1,100 × g for 15 min at 4°C) was stored 
at −20°C until metabolite and insulin concentration 
analyses.
Chemical Analysis
The chemical composition of the feed ingredients was 
determined using standard procedures (AOAC Inter-
national, 1997). Milk fat, protein, and lactose contents 
were determined by mid-infrared spectrophotometry 
(LIAL). Fatty acid methyl esters of the feed samples 
were prepared using a 1-step extraction-transesterifica-
tion procedure (Sukhija and Palmquist, 1988; adapted 
by Loor et al., 2004) using 23:0 and 19:0 (Sigma, Saint-
Quentin Fallavier, France) as internal standards.
To perform the milk FAME analysis, freeze-dried 
morning and evening milk samples were pooled accord-
ing to milk fat yield at each milking to create a repre-
sentative 100-mg sample for each day. The sample was 
first incubated with 2 mL of 0.5 M sodium methoxide in 
anhydrous methanol and 1 mL of hexane at 50°C for 15 
min, cooled, and then incubated under the same condi-
tions after adding 1 mL of 37% methanol/hydrochloric 
acid (95:5 vol/vol). The FAME were then extracted by 
adding 1.5 mL of hexane and 3 mL of aqueous (6% wt/
vol) potassium carbonate and recovered in the hexanoic 
phase. The FAME from feed and milk samples were 
injected by autosampler into a GC (Agilent 7890A GC 
System, Massy, FR) equipped with a flame ionization 
detector and a CP-Sil 88 capillary column (100 m × 
0.25 mm, 0.2 µm thickness, Agilent Technologies, Inc., 
Headquarters, Santa Clara, CA).
The FAME profile in a 0.6-µL sample at a 1:52 split 
ratio was determined using a gradient temperature 
program (initial oven temperature of 70°C for 1 min, 
followed by an increase to 100°C at a rate of 5°C/min 
and maintained for 2 min, an increase to 175°C at a 
rate of 10°C/min and held for 42 min, and then a 5°C/
min increase to a final temperature of 225°C that was 
maintained for 22 min) and hydrogen, which was used 
as the carrier and fuel gas, at constant pressure (150 
kPa). During a second analysis, 18:1 isomers were fur-
ther resolved using an oven temperature program un-
der isothermal conditions (at 170°C) (Shingfield et al., 
2003). Peaks were routinely identified based on com-
parisons of retention time with commercial authentic 
standards containing mixtures of FAME (NCP #463, 
Nu-Chek Prep, Inc., Elysian, MN; Supelco #37, Supel-
co, Inc., Bellefonte, PA; and O5632, Sigma, Steinheim, 
Germany) in addition to methyl esters of ∆9, 12, and 
18:2 geometric isomers (L8404; Sigma) and branched-
chain iso- and anteiso-FA from a homemade mixture of 
commercial standards (Sigma; Matreya, State College, 
PA; Larodan, Solna, Sweden). Methyl esters that were 
unavailable as commercial standards were identified 
based on previous publications (Lerch et al., 2012).
To determine milk CLA composition, the total lipid 
content of freeze-dried milk was converted to FAME 
under the same conditions as the FA analysis. The 
distribution of CLA isomers in the milk samples was 
determined using an HPLC system (Agilent Technolo-
gies 1200 Series) equipped with 3 silver-impregnated 
silica columns (ChromSpher 5 lipids, 250 × 4.6 mm, 
5-µm particle size; Agilent Technologies Inc.) coupled
in series. Methyl esters of CLA were separated under
isothermal conditions at 20°C using 0.1% (vol/vol)
acetonitrile in heptane at a flow rate of 1 mL/min
and monitoring column effluent at 233 and 210 nm
(Halmemies-Beauchet-Filleau et al., 2011). Peaks were
identified based on a retention profile obtained with
positional and geometric CLA isomers (05632; Sigma).
Milk FA composition was expressed as a weight per-
centage of total FA. Correction factors to account for 
the carbon deficiency in the flame ionization detector 
response for FAME containing 4 to 10 carbon atoms 
were estimated using milk calibrated with butter oil 
of known composition (CRM 164; Commission of the 
European Communities, Community Bureau of Ref-
erence, Brussels, Belgium). Concentrations of CLA 
isomers were calculated based on proportionate peak 
area responses determined by HPLC and the sum of 
the trans-7,cis-9 CLA, trans-8,cis-10 CLA, and cis-
9,trans-11 CLA weight percentages determined by GC 
analysis.
Plasma glucose, fatty acids, BHB, urea, acetate, and 
insulin concentrations were automatically determined 
by spectrophotometry (ARENA 20XT, Thermo Fisher 
Scientific, Cergy Pontoise, France) using commercial 
kits (Glucose GOD-POD, Thermo Scientific, Asnières 
Sur Seine, France; fatty acids HR2, Sobioda, Mont-
bonnot Saint Martin, France; β-Hydroxybutyrate Kit, 
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Thermo Scientific; Urea Kit, Thermo Scientific; Acetic 
Acid, Thermo Scientific; Insulin-CT RIA, CIS Bio In-
ternational, Gif Sur Yvette, France).
Calculations and Statistical Analysis
Calculations and statistical analyses were performed 
on measurements from 12 cows and 12 goats. Apparent 
transfer of 22:6n-3 from DHA Gold was calculated as [g 
of milk FA yield × (% FA in milk fat − % in CTL milk 
fat)/(DMI × % FA in the diet)] × 100.
All data were subjected to ANOVA for a 4 × 4 Latin 
square design (Kaps and Lamberson, 2009) using the 
MIXED procedure in SAS (version 9.4, SAS Institute, 
Inc., Cary, NC). The statistical model included the 
fixed effects of period, species (Sp), experimental diet 
(D), the interaction Sp × D, and the random effect of 
individual animal nested within species. For each spe-
cies, a different variance was used to analyze production 
data. The differences between means were evaluated 
using the pdiff option of the LS means statement in 
the MIXED procedure and adjusted for multiple com-
parisons using Tukey-Kramer’s method, and they were 
declared significant at P < 0.05. P-values >0.05 and 
≤0.10 were interpreted as trending toward significance.
RESULTS AND DISCUSSION
Few studies have been performed to achieve a more 
complete understanding of the nutritional regulation 
of milk fat secretion with the aim of developing new 
feeding and management practices to alter milk FA 
composition and optimize milk fat production in dairy 
cows (Harvatine et al., 2009; Shingfield et al., 2010) 
and goats (Chilliard et al., 2014; Bernard et al., 2015). 
Indirect comparisons of these 2 species have outlined 
specific responses to some nutritional factors, particu-
larly lipid supplementation (Chilliard et al., 2007). Fol-
lowing that of Toral et al. (2015), the present study is 
the second direct comparison of dairy cows and goats 
to date, but it is a more complete examination of the 
performance and milk FA responses to diets known to 
induce either bovine milk fat depression or a milk fat 
increase and for which caprine data are not available.
Diet Composition
By design, in the COS concentrate the energy content 
was approximately 19% greater than that of the CTL 
(Table 1). Energy and protein balances were almost 
positive in all treatments for both species (Table 2). 
Relative to the CTL, COS increased the energy balance 
(24%) in cows. In goats, HPO increased the energy bal-
ance (17%) and COS decreased the protein balance by 
17%.
Species-Specific Responses to CTL
In the CTL treatment, DMI per kilogram of BW was 
43% higher in goats than in cows (Figure 1), and the 
milk yield per kilogram of BW was higher (38%) for 
goats than cows (Figure 1). Milk fat, protein, and lac-
tose contents were similar between species in the CTL 
(Table 2). However, the milk fat composition of cows 
and goats fed a similar diet based on 45% grassland 
hay and 55% concentrate clearly highlighted differences 
among species consistent with data from Toral et al. 
(2015), who used a control diet based on 40% grassland 
hay and 60% concentrate. Goat milk contained more 
<C16 FA (30%) and less >C16 FA (−14%) than that 
of cow milk (Table 3). Indeed, goat milk is richer in 
short- and medium-chain FA, caprylic acid (8:0), cap-
ric acid (10:0), and lauric acid (12:0), which suggests 
greater de novo synthesis of these FA in the mammary 
gland cells of goats compared with cows (Chilliard et 
al., 2003) (Table 3). In contrast, cow milk contains a 
higher proportion of long-chain FA, (ΣC18, Table 3) 
compared with goats, mainly 18:0, cis-9 18:1, trans-
7,trans-9 CLA, and ∆11,13 CLA, suggesting different 
ruminal metabolic dietary PUFA pathways or differ-
ent uptake of these FA by the bovine mammary gland 
(Tables 3, 4, and 5).
The cis-9 14:1/14:0 and cis-9 16:1/16:0 desaturation 
ratios were higher in the milk from cows than that 
from goats, whereas the opposite was observed in the 
cis-9,trans-11 CLA/trans-11 18:1 ratio as previously 
mentioned by Toral et al. (2015). This suggests differ-
ent availability of trans-11 18:1 for the mammary gland 
or substrate affinity of the mammary ∆-9-desaturase 
enzyme between species (Table 3).
Response to a Starch-Rich Diet plus Corn Oil
Corn oil and starch supplements lowered DMI in 
cows (−17%) but not in goats (Table 2), which agreed 
with the previous comparative study of cows and goats 
(Toral et al., 2015); this finding may suggest differences 
in feeding behavior or salivation or an effect of starch 
on rumen fermentation among species. Otherwise, the 
COS treatment similarly decreased DMI (by 15%) in 
both species when expressed per kilogram of BW (Fig-
ure 1).
By design, compared with the CTL in both species, 
the inclusion of COS increased FA intakes by 3 fold, 
on average, with increases of cis-9 18:1 by 6 fold and 
18:2n-6 by 4 fold (Table 2). In cows, COS caused a 
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dramatic decrease in milk fat content (−45%) and 
yield (−10%) (Table 2), which is commonly observed 
in cows fed high-starch diets containing vegetable oils 
(Piperova et al., 2000; Peterson et al., 2003; Roy et al., 
2006). Conversely, no adverse effects on milk fat con-
tent and yield were observed in goats (Table 2), which 
was consistent with previous studies of goats (Bernard 
et al., 2009; Chilliard et al., 2014).
Changes in the daily secretion of short- and medium-
chain (<C16 and C16) and long-chain FA (>C16) 
expressed as millimoles per kilogram of BW are shown 
in Figure 1. In goats, COS lowered the yields of FA syn-
thesized de novo (the sums of <C16 FA was decreased 
by 25%), but this decrease was compensated by an 
increase in the secretion of long-chain FA assimilated 
from blood (the sum of >C16 FA was increased by 
45%). Similarly, COS lowered the yields of milk short- 
and medium-chain FA secretion in cows (−68%), which 
was not compensated by an increase in the output of 
long-chain FA, as observed in Toral et al. (2015) with 
a starch-rich diet and sunflower oil. These differences 
in the responses to diets containing relatively high 
amounts of starch and PUFA that induce MFD in cows 
but not in goats may be due, at least in part, to species-
specific differences in the synthesis of ruminal biohy-
drogenation (RBH) intermediates with antilipogenic 
effects and in their postabsorptive tissue metabolism as 
the uptake by and sensitivity of the mammary gland to 
these compounds (Chilliard et al., 2007; Shingfield et 
al., 2010). In the present study, the responses of both 
species to COS were characterized by higher concentra-
tions of trans-10,cis-12 CLA, trans-7,cis-9 CLA, trans-
Figure 1. Daily DMI and the yields of milk, milk fat, and major groups of fatty acids (FA) expressed on a kilograms of BW basis in cows 
and goats fed a basal diet containing no additional lipid (control), or supplemented with corn oil and starch (COS), marine algae powder (MAP), 
or hydrogenated palm oil (HPO). Within each parameter, values not sharing a common letter (a–f) differ at P < 0.05. The group of FA <C16 
represents FA synthesized de novo, those of >C16 represent preformed FA taken up from circulation, and C16 FA are derived from both sources. 
SEM: DMI = 1.173, milk yield = 3.115, fat yield = 0.096, <C16 = 0.201, C16 = 0.105, and >C16 = 0.113.
8436 FOUGÈRE ET AL.
Journal of Dairy Science Vol. 101 No. 9, 2018
T
ab
le
 3
. E
ff
ec
t 
of
 d
ie
ta
ry
 s
up
pl
em
en
ts
 o
f 
co
rn
 o
il 
an
d 
st
ar
ch
 o
r 
m
ar
in
e 
al
ga
e 
po
w
de
r 
or
 h
yd
ro
ge
na
te
d 
pa
lm
 o
il 
on
 m
ilk
 p
ai
re
d 
ch
ai
n 
fa
tt
y 
ac
id
 (
FA
) 
co
m
po
si
ti
on
 in
 c
ow
s 
an
d 
go
at
s1
FA
, 
g/
10
0 
g 
of
 F
A
C
ow
s
G
oa
ts
SE
M
P
-v
al
ue
2
C
on
tr
ol
C
O
S
M
A
P
H
P
O
C
on
tr
ol
C
O
S
M
A
P
H
P
O
Sp
D
Sp
 ×
 D
4:
0
2.
84
a
1.
46
c
3.
10
a
2.
89
a
2.
01
bc
1.
89
bc
1.
86
bc
2.
18
b
0.
11
1
0.
00
1
<
0.
00
1
<
0.
00
1
6:
0
2.
31
bc
d
0.
84
e
2.
57
a
2.
14
cd
2.
58
ab
2.
11
d
2.
49
ab
c
2.
55
ab
0.
06
7
<
0.
00
1
<
0.
00
1
<
0.
00
1
8:
0
1.
44
e
0.
45
f
1.
74
d
1.
24
e
3.
11
ab
2.
35
c
3.
25
a
2.
93
b
0.
06
2
<
0.
00
1
<
0.
00
1
0.
01
10
:0
3.
33
de
1.
07
f
4.
20
d
2.
65
e
11
.4
a
7.
86
c
12
.2
a
10
.4
b
0.
16
6
<
0.
00
1
<
0.
00
1
0.
00
8
ci
s-
9 
10
:1
0.
33
a
0.
08
6c
0.
35
a
0.
28
b
0.
25
b
0.
15
c
0.
24
b
0.
22
b
0.
01
1
0.
01
2
<
0.
00
1
<
0.
00
1
12
:0
3.
87
1.
65
4.
92
3.
04
5.
90
3.
78
7.
12
5.
11
0.
13
3
<
0.
00
1
<
0.
00
1
0.
96
5
14
:0
12
.3
5b
7.
52
e
13
.9
8a
10
.7
6c
d
10
.8
8c
d
7.
87
e
11
.6
5b
c
10
.2
8d
0.
18
9
0.
00
1
<
0.
00
1
<
0.
00
1
ci
s-
9 
14
:1
1.
23
1.
19
1.
24
1.
03
0.
17
6
0.
13
0
0.
19
1
0.
15
4
0.
06
9
<
0.
00
1
0.
08
7
0.
23
7
tr
an
s-
9 
14
:1
0.
01
5
0.
01
7
0.
01
7
0.
01
4
0.
04
3
0.
02
9
0.
03
2
0.
03
9
0.
00
3
<
0.
00
1
0.
55
4
0.
25
7
16
:0
29
.4
0b
22
.5
4d
27
.5
8b
c
32
.4
2a
26
.2
7c
20
.8
1d
26
.2
8c
28
.2
7b
c
0.
48
8
0.
00
1
<
0.
00
1
0.
02
8
ci
s-
7 
16
:1
0.
14
0.
17
0.
11
0.
15
0.
24
0.
25
0.
22
0.
23
0.
00
7
<
0.
00
1
<
0.
00
1
0.
42
6
tr
an
s-
6–
8 
16
:1
0.
02
8d
0.
05
1a
b
0.
04
5b
c
0.
02
9d
0.
03
6c
d
0.
04
8a
bc
0.
06
0a
0.
03
8c
d
0.
00
2
0.
00
9
<
0.
00
1
0.
01
6
ci
s-
9 
16
:1
1.
44
bc
1.
98
a
1.
12
c
1.
50
b
0.
55
d
0.
48
d
0.
57
d
0.
56
d
0.
07
3
<
0.
00
1
<
0.
00
1
<
0.
00
1
ci
s-
11
 1
6:
1
0.
04
1b
0.
05
7a
0.
03
5b
0.
03
0b
c
0.
01
4c
d
0.
01
7c
d
0.
01
5c
d
0.
01
3d
0.
00
2
<
0.
00
1
<
0.
00
1
0.
00
8
tr
an
s-
9 
16
:1
0.
19
0.
31
0.
42
0.
25
0.
33
0.
39
0.
38
0.
37
0.
03
0
0.
08
2
0.
15
6
0.
46
2
18
:0
8.
48
ab
8.
73
ab
3.
33
d
10
.1
1a
5.
90
c
10
.5
7a
1.
90
d
7.
18
bc
0.
36
9
0.
02
3
<
0.
00
1
<
0.
00
1
18
:3
n-
6
0.
02
8
0.
01
6
0.
02
5
0.
02
6
0.
04
1
0.
02
1
0.
02
8
0.
02
8
0.
00
4
0.
25
9
0.
20
9
0.
85
7
18
:3
n-
3
0.
66
a
0.
35
d
0.
53
bc
0.
56
bc
0.
62
ab
0.
51
c
0.
51
c
0.
57
ab
c
0.
01
3
0.
16
7
<
0.
00
1
<
0.
00
1
Su
m
 Σ
 4
:0
–1
4:
0
26
.1
5d
12
.9
9f
30
.4
9c
22
.7
3e
35
.9
2a
b
25
.8
6d
e
38
.5
5a
33
.4
6b
c
0.
43
1
<
0.
00
1
<
0.
00
1
0.
00
6
 Σ
 <
16
:0
29
.8
6d
15
.7
8f
34
.2
7c
25
.9
3e
38
.8
3a
b
28
.5
8d
e
41
.7
3a
36
.0
9b
c
0.
44
0
<
0.
00
1
<
0.
00
1
0.
00
4
 Σ
 >
16
:0
36
.8
8
56
.3
6
33
.2
1
38
.1
7
31
.7
1
46
.9
8
27
.5
3
32
.6
1
0.
76
4
<
0.
00
1
<
0.
00
1
0.
11
9
 Σ
 1
6:
0 
+
 c
is
-9
 1
6:
1
30
.8
4b
24
.5
2d
28
.6
9b
c
33
.9
2a
26
.8
2c
d
21
.3
0e
26
.8
5c
d
28
.8
3b
c
0.
52
0
<
0.
00
1
<
0.
00
1
0.
03
5
 Σ
 C
18
34
.9
5
54
.7
6
29
.4
4
36
.4
5
29
.9
4
45
.3
8
24
.7
5
31
.0
1
0.
74
7
<
0.
00
1
<
0.
00
1
0.
07
5
 Σ
 1
8:
0 
+
 c
is
-9
 1
8:
1
24
.9
6
30
.8
3
10
.3
5
27
.8
7
19
.2
6
27
.5
9
7.
48
21
.7
0
0.
65
0
<
0.
00
1
<
0.
00
1
0.
32
4
 Σ
 c
is
 1
8:
1
18
.0
6
24
.8
5
8.
98
19
.1
9
14
.8
8
19
.0
1
7.
00
15
.9
1
0.
44
6
<
0.
00
1
<
0.
00
1
0.
18
9
 Σ
 t
ra
ns
 1
8:
1
3.
22
d
14
.1
8a
10
.0
3b
2.
84
d
3.
13
d
6.
17
c
8.
27
bc
2.
84
d
0.
32
4
<
0.
00
1
<
0.
00
1
<
0.
00
1
 Σ
 ≥
20
:0
0.
99
c
0.
87
c
2.
88
a
0.
93
c
0.
77
c
0.
82
c
1.
81
b
0.
70
c
0.
04
7
<
0.
00
1
<
0.
00
1
<
0.
00
1
R
at
io
 t
ra
ns
-1
0 
18
:1
/t
ra
ns
-1
1 
18
:1
0.
46
b
4.
64
a
0.
63
b
0.
44
b
0.
32
b
0.
78
b
0.
34
b
0.
40
b
0.
10
3
<
0.
00
1
<
0.
00
1
<
0.
00
1
 C
18
:2
n-
6/
C
18
:3
n-
3
3.
96
bc
8.
42
a
4.
03
bc
3.
75
c
5.
21
b
7.
99
a
4.
95
bc
4.
88
bc
0.
15
3
0.
00
3
<
0.
00
1
0.
02
8
 c
is
-9
 1
4:
1/
14
:0
0.
09
8b
0.
16
a
0.
08
8b
0.
10
b
0.
01
6c
0.
01
5c
0.
01
6c
0.
01
5c
0.
00
6
<
0.
00
1
<
0.
00
1
<
0.
00
1
 c
is
-9
 1
6:
1/
16
:0
0.
04
9b
0.
08
7a
0.
04
1b
0.
04
7b
0.
02
1c
0.
02
3c
0.
02
2c
0.
02
0c
0.
00
3
<
0.
00
1
<
0.
00
1
<
0.
00
1
 c
is
-9
 1
8:
1/
18
:0
2.
00
bc
2.
67
ab
2.
57
ab
c
1.
78
c
2.
29
bc
1.
71
bc
3.
44
a
2.
05
bc
0.
13
7
0.
56
4
<
0.
00
1
<
0.
00
1
 c
is
-9
,t
ra
ns
-1
1 
C
L
A
/t
r a
ns
-1
1 
18
:1
0.
37
cd
0.
42
bc
d
0.
33
d
0.
38
cd
0.
57
ab
0.
47
bc
d
0.
63
a
0.
50
bc
0.
02
7
<
0.
00
1
0.
48
2
<
0.
00
1
A
pp
ar
en
t 
tr
an
sf
er
,3
 %
 2
2:
6 
n-
3
11
.9
7.
3
a–
f M
ea
ns
 w
it
hi
n 
a 
ro
w
 n
ot
 s
ha
ri
ng
 a
 c
om
m
on
 s
up
er
sc
ri
pt
 d
iff
er
 (
P
 <
 0
.0
5)
 d
ue
 t
o 
sp
ec
ie
s 
by
 d
ie
t 
in
te
ra
ct
io
ns
.
1 C
on
tr
ol
 =
 b
as
al
 d
ie
t 
co
nt
ai
ni
ng
 n
o 
ad
di
ti
on
al
 o
il;
 C
O
S 
=
 b
as
al
 d
ie
t 
co
nt
ai
ni
ng
 c
or
n 
oi
l 
an
d 
w
he
at
 s
ta
rc
h;
 M
A
P
 =
 b
as
al
 d
ie
t 
co
nt
ai
ni
ng
 m
ar
in
e 
al
ga
e 
po
w
de
r;
 H
P
O
 =
 b
as
al
 d
ie
t 
co
nt
ai
ni
ng
 h
yd
ro
ge
na
te
d 
pa
lm
 o
il.
2 P
ro
ba
bi
lit
y 
of
 s
ig
ni
fic
an
t 
ef
fe
ct
s 
du
e 
to
 s
pe
ci
es
 (
Sp
),
 e
xp
er
im
en
ta
l 
di
et
 (
D
),
 a
nd
 t
he
ir
 i
nt
er
ac
ti
on
 (
Sp
 ×
 D
).
3 C
al
cu
la
te
d 
as
 [
gr
am
s 
of
 m
ilk
 f
at
 y
ie
ld
 ×
 (
%
 F
A
 i
n 
m
ilk
 f
at
 −
 %
 F
A
 i
n 
co
nt
ro
l 
m
ilk
 f
at
)/
(D
M
I 
×
 %
 F
A
 i
n 
th
e 
di
et
)]
 ×
 1
00
.
Journal of Dairy Science Vol. 101 No. 9, 2018
NUTRITIONAL REGULATION OF MILK FAT SECRETION 8437
8,trans-10 CLA, and trans-10,trans-12 CLA compared 
with the CTL (Table 5 and Figure 2). In cows, with 
COS treatment the large increases in trans-7,cis-9 
CLA, trans-9,trans-11 CLA, and trans-10,trans-12 CLA 
(316, 69, and 728%, respectively), were correlated with 
a decrease in milk fat content (r = −0.928, n = 24, P < 
0.001; r = −0.768, n = 24, P < 0.001; and r = −0.768, 
n = 24, P < 0.001, respectively) that was probably due 
to a concomitant synthesis of these CLA isomers with 
trans-10,cis-12 CLA rather than an antilipogenic effect 
per se (Saebø et al., 2005; Perfield et al., 2006). Indeed, 
among these RBH intermediates, trans-10,cis-12 CLA 
was shown to unequivocally inhibit milk fat synthesis 
(Shingfield et al., 2010). In cows under COS treatment, 
the milk concentration of this CLA isomer increased 
by 17 fold compared with the CTL, but the increase in 
goats was lower (by 6 fold) and not significant due to 
high individual variability (Table 5 and Figure 2). In 
cows, the magnitude of the alteration in trans-10,cis-12 
CLA was similar in response to the COS treatment in 
this study and the sunflower oil and starch diet in Toral 
et al. (2015) despite a lower starch and 18:2n-6 intake 
with COS (0.59 and 75.1 g/d, respectively; Table 2) 
compared with the starch-rich diet and sunflower oil 
(0.70 and 93.7 g/d, respectively). However, previous re-
ports suggest that trans-10,cis-12 CLA in the mammary 
gland does not, in isolation, fully explain MFD in cows 
(Shingfield et al., 2010), and that other RBH interme-
diates, such as trans-10 18:1, could also be implicated 
in diet-induced MFD (Shingfield and Griinari, 2007) 
even though results of the few studies on the effects of 
trans-10 18:1 on lipogenesis in cows are unclear (Lock 
et al., 2007; Kadegowda et al., 2009; Shingfield et al., 
2009). In the present study, COS increased the trans-10 
18:1 isomer concentration in the cow milk by 13 fold 
compared with the CTL, and to a lower extent (by 3 
fold) in goat milk (Table 4), and lead to an increase in 
the trans-10 18:1/trans-11 18:1 ratio (Table 3) only in 
cows. These increases in the concentration of trans-10 
18:1 and of the trans-10 18:1/trans-11 18:1 ratio may 
be considered biomarkers of altered RBH pathways in 
cows but are not always a useful diagnostic of rumen 
alteration in goats, as previously shown (Shingfield et 
al., 2010; Martínez Marín et al., 2012; Bernard et al., 
2015). However, in the previous comparative study by 
Toral et al. (2015), a shift occurs from trans-11 18:1 
to trans-10 18:1 with sunflower oil and starch supple-
mentation in goats, whereas no variation of milk fat 
content was observed, with significant increases in both 
trans-10,cis-12 CLA and trans-10 18:1 isomers; how-
ever, the effect for the latter was far more pronounced 
in cows. These differences in the occurrence of trans-10 
isomers in goats in the present study and in Toral et al. 
(2015) may be explained, at least in part, by large in-Ta
b
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dividual differences in the susceptibility of goats to the 
development of a trans-10 shift, as previously observed 
(Bernard et al., 2009), and to lower starch and 18:2n-6 
intake with COS in the present study compared with 
the starch-rich diet and sunflower oil in Toral et al. 
(2015), as mentioned above.
The COS treatment-specific decreases in milk odd 
and branched-chain FA (OBCFA) in cows (iso-14:0, 
15:0, anteiso-15:0, and iso-16:0; Table 6) were nega-
tively correlated (results not shown) with increases 
in milk trans-10- 18:1 and 18:2 isomers, showing that 
changes in OBCFA may also be considered potential 
tools for diagnosing rumen function (e.g., rumen fer-
mentation pattern), as proposed by Vlaeminck et al. 
(2006). Indeed, dietary factors, such as the alteration 
of the ruminal pH and microbial population by COS 
treatment, affect the ruminal biohydrogenation path-
ways of dietary FA and thus the trans-FA and OBCFA 
in the milk profile (Kargar et al., 2017).
With COS treatment, the substantial decrease (by a 
mean of 41%) in plasma acetate and BHB (precursor of 
de novo lipogenesis) in cows could contribute, at least 
in part, to between-species variations in the response 
of milk fat to COS treatment, despite a decrease (by a 
mean of 31%) in goats (Table 7). Indeed, the decrease 
in rumen acetate and butyrate production may limit 
milk fat synthesis but cannot be responsible alone for 
the reduced milk fat synthesis with MFD diets because 
others mechanisms are also involved (Bauman and 
Griinari, 2003). Furthermore, the decrease in circulat-
ing BHB in goats with COS was not accompanied by 
changes in milk fat yield.
In addition to their antilipogenic effects, some RBH 
intermediates have been reported to have inhibiting ac-
Figure 2. Milk 18:0, trans-10 18:1, trans-11 18:1, cis-11 18:1, cis-9 18:1, trans-10,cis-12 CLA, cis-9,trans-11 CLA, and 16:0 concentrations in 
cows and goats fed a basal diet containing no additional lipid (control), or supplemented with corn oil and starch (COS), marine algae powder 
(MAP), or hydrogenated palm oil (HPO). Within each fatty acid, values not sharing a common letter (a–d) differ at P < 0.05. SEM: 18:0 = 
0.369, trans-10 18:1 = 0.239, trans-11 18:1 = 0.130, cis-11 18:1 = 0.024, cis-9 18:1 = 0.449, trans-10,cis-12 CLA = 0.002, cis-9,trans-11 CLA = 
0.086, and 16:0 = 0.488.
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tion on ∆9-desaturase activity including trans-9,trans-11 
CLA, trans-10,trans-12 CLA, and trans-10,cis-12 CLA 
(Bernard et al., 2013). Among these CLA isomers, 
milk fat concentrations of the latter 2 were increased 
in cows with the COS treatments, whereas only trans-
10,trans-12 increased in goats (Table 5). These observa-
tions are not consistent with the significant increase 
in the 14- and 16-carbon FA concentration ratios for 
∆9-desaturase in milk from cows supplemented with 
COS, whereas no changes were observed in goats ac-
cording to previous direct comparison data (Toral et 
al., 2015). This suggests both a low disponibility of 
trans-9,trans-11 CLA in the mammary gland and dif-
ferences in sensitivity to the inhibitory effect of trans-
10,trans-12-, and trans-10,cis-12 CLA among species.
These different findings suggest that, in cows, MFD 
due to starch-rich diet plus corn oil is the result of 
a set of factors (large synthesis of RBH intermediates 
with antilipogenic effects, low occurrence of de novo 
lipogenesis precursors, and so on), of which the sum of 
the effects induces decreased milk fat content, as op-
posed to a single factor. In particular, the ruminal and 
intermediary (plasma FA transport) lipid metabolism 
of goats and cows receiving starch-rich diets supple-
mented with plant oils would need to be further studied 
to clarify these hypothesis.
Table 6. Effect of dietary supplements of corn oil and starch or marine algae powder or hydrogenated palm oil on milk odd- and branched-chain 
fatty acid (FA) composition in cows and goats1
FA, g/100 g  
of FA
Cows Goats
SEM
P-value2
Control COS MAP HPO Control COS MAP HPO Sp D Sp × D
5:0 0.026b 0.024b 0.026b 0.027b 0.031b 0.050a 0.033b 0.029b 0.001 <0.001 0.001 <0.001
7:0 0.022c 0.015c 0.023c 0.023c 0.059b 0.091a 0.072ab 0.056b 0.002 <0.001 0.012 <0.001
9:0 0.026d 0.015d 0.030d 0.022d 0.12bc 0.17a 0.15ab 0.11c 0.005 <0.001 0.005 0.001
11:0 0.043c 0.021c 0.054c 0.031c 0.19ab 0.24a 0.26a 0.16b 0.0084 <0.001 0.001 0.010
13:03 0.20 0.11 0.23 0.15 0.30 0.25 0.37 0.24 0.012 <0.001 <0.001 0.165
anteiso 13:0 0.014 0.012 0.013 0.018 0.014 0.010 0.015 0.013 0.001 0.408 0.051 0.202
iso 13:0 0.036 0.025 0.037 0.032 0.023 0.018 0.018 0.020 0.001 <0.001 0.040 0.254
iso 14:0 0.083a 0.046c 0.064b 0.084a 0.083ab 0.083ab 0.075ab 0.079ab 0.0038 0.061 <0.001 <0.001
15:0 0.98 0.76 1.03 0.84 1.09 1.04 1.17 0.98 0.041 0.007 <0.001 0.307
anteiso 15:0 0.47a 0.35b 0.46a 0.43a 0.32b 0.31b 0.35b 0.32b 0.013 <0.001 <0.001 0.005
iso 15:0 0.24a 0.12c 0.21ab 0.22ab 0.20b 0.15c 0.20ab 0.21ab 0.0053 0.372 <0.001 0.001
iso 16:0 0.22b 0.15c 0.23ab 0.21b 0.23b 0.30a 0.24b 0.22b 0.011 0.017 0.620 <0.001
17:0 0.74 0.48 0.73 0.61 0.83 0.62 0.83 0.73 0.018 <0.001 <0.001 0.541
anteiso 17:0 0.45 0.38 0.44 0.36 0.36 0.36 0.36 0.34 0.015 0.019 0.028 0.183
iso 17 0.33 0.58 0.40 0.22 0.20 0.42 0.52 0.19 0.034 0.313 <0.001 0.151
cis-9 17:1 0.21ab 0.25a 0.15c 0.18bc 0.18bc 0.14c 0.14c 0.17bc 0.0091 0.004 <0.001 <0.001
iso 18:0 0.052 0.034 0.043 0.043 0.034 0.032 0.041 0.037 0.002 0.024 0.053 0.135
23:0 0.033ab 0.014b 0.055a 0.031ab 0.040ab 0.012b 0.023b 0.020b 0.0037 0.080 0.003 0.046
a–dMeans within a row not sharing a common superscript differ (P < 0.05) due to species by diet interactions.
1Control = basal diet containing no additional oil; COS = basal diet containing corn oil and wheat starch; MAP = basal diet containing marine 
algae powder; HPO = basal diet containing hydrogenated palm oil.
2Probability of significant effects due to species (Sp), experimental diet (D), and their interaction (Sp × D).
3Coelutes with cis-9 12:1.
Table 7. Effect of dietary supplements of corn oil and starch or marine algae powder or hydrogenated palm oil on plasma metabolite and 
hormone concentrations in cows and goats1
Item
Cows Goats
SEM
P-value2
Control COS MAP HPO Control COS MAP HPO Sp D Sp × D
Glucose, g/L 0.715 0.730 0.671 0.716 0.646 0.660 0.667 0.636 0.0191 0.051 0.364 0.047
Fatty acids, mM 0.115 0.156 0.097 0.111 0.191 0.258 0.102 0.129 0.0180 0.061 <0.001 0.146
Acetate, mM 0.378 0.225 0.335 0.416 0.259 0.181 0.280 0.310 0.0149 0.001 <0.001 0.347
BHB, mM 0.607ab 0.356cd 0.592ab 0.648a 0.444bc 0.301d 0.456bc 0.459bc 0.0308 0.005 <0.001 0.046
Urea, g/L 0.179 0.149 0.207 0.189 0.408 0.399 0.402 0.412 0.0151 <0.001 0.195 0.314
Insulin, µIU/mL 21.1 19.9 16.1 21.9 17.2 18.4 18.2 20.3 0 947 0.367 0.055 0.193
a –dMeans within a row not sharing a common superscript differ (P < 0.05) due to species by diet interactions.
1Control = basal diet containing no additional oil; COS = basal diet containing corn oil and wheat starch; MAP = basal diet containing marine 
algae powder; HPO = basal diet containing hydrogenated palm oil.
2Probability of significant effects due to species (Sp), experimental diet (D), and their interaction (Sp × D).
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Response to a Diet Supplemented 
with Marine Algae Powder
In recent decades, algae supplements have been used 
to improve the milk quality of dairy cows due to their 
high contents of long-chain n-3 PUFA (Franklin et al., 
1999; Angulo et al., 2012; Bichi et al., 2013). Marine 
algae may be considered an emerging dietary resource 
because they are environmentally sustainable (by in-
creasing the land area available for the cultivation of 
other resources) and of plant origin (which is more ac-
ceptable for the ruminant diet than fish oil).
In the present study, supplementation with MAP did 
not adversely affect DMI in either species (Table 2), as 
was previously demonstrated in cows (Stamey et al., 
2012), although decreased intake has been observed 
with unprotected marine algae supplements (Franklin 
et al., 1999; Offer et al., 2001; Boeckaert et al., 2008). 
Depending on the type of marine product, the effects 
on DMI may differ. In Toral et al. (2015), DMI was 
lowered by 14% in cows with an experimental diet 
rich in very long-chain PUFA from fish oil, which was 
consistent with earlier reports (e.g., Loor et al., 2005; 
Gama et al., 2008; Moate et al., 2013), and had no 
effects on DMI in goats, as previously observed (Toral 
et al., 2014).
Based on the previous study of cows and goats fed fish 
oil at 2% DMI (Toral et al., 2015), which supplied 32.2 
and 3.8 g/d of docosahexaenoic acid (DHA) and 77.1 
and 9.1 g/d of eicosapentaenoic acid (EPA), respec-
tively, the MAP treatment, with a higher DHA intake 
(115.5 and 13.4 g/d in cows and goats, respectively; 
Table 2) and a lower level of EPA (1.1 and 0.1 g/d), 
was chosen to test the hypothesis of the effect of DHA 
alone. The MAP decreased milk fat content in cows 
by 22% and in goats by 15%, relative to the control, 
which was in line with data from Toral et al. (2015) in 
goats and cows fed fish oil. However, previous indirect 
comparison studies (Offer et al., 1999; Shingfield et al., 
2003; Gagliostro et al., 2006; Gama et al., 2008; Toral 
et al., 2014) showed that fish oil results in differences 
in milk fat synthesis in cows (decrease) and goats (no 
effect). These differences in milk fat responses to fish 
oil between the study by Toral et al. (2015) and earlier 
investigations in goats (Gagliostro et al., 2006; Toral 
et al., 2014) had been attributed to a higher intake 
of EPA plus DHA in the former, 0.58 versus 0.12 to 
0.28% DM, respectively. However, in the present study, 
the supply of EPA was very low (Table 2), and the 
intake of DHA from MAP was approximately 0.55% 
DM, similar to the intake of EPA plus DHA under the 
fish oil treatment in Toral et al. (2015). Moreover, we 
found a similar effect of MAP and fish oil treatment, 
which supplied similar amounts of either DHA or EPA 
plus DHA (Toral et al., 2015), on milk fat in goats and 
cows, which implied similar effects of DHA alone or 
DHA combined with EPA.
The MAP treatment resulted in significant increases 
in numerous 20- to 22-carbon chain FA, particularly 
20:5n-3, 22:5n-3 and 22:6n-3 [EPA, docosapentaenoic 
acid, and DHA] in both species, with greater increases 
in cows, whereas 20:3n-3, 20:4n-6, 22:4n-6 specifically 
increased in cows (Table 8). The average estimated 
transfer efficiency of supplemental DHA into milk 
among species with MAP (9.6%) was higher to than 
that from fish oil treatment (4.7% in Toral et al., 2015) 
and similar to the results of Franklin et al. (1999) in 
cows (8.4% for unprotected algae). The MAP treat-
ment specifically increased trans-4 and trans-13 18:1 
isomers in cow milk (Table 4), which agreed with the 
specific BH pathway adaptations in response to dietary 
conditions among species.
The addition of fish oil or marine algae rich in long-
chain PUFA to the diet is known to inhibit the complete 
biohydrogenation of C18 UFA, resulting in increased 
outflow of ruminal trans 18:1 and trans 18:2 isomers 
(Shingfield et al., 2010). Consequently, ruminal trans 
18:1 increased and 18:0 synthesis decreased under these 
conditions. In both species, MAP induced increases in 
trans-18:1 and similar decreases in the sum of 18:0 and 
cis-9 18:1 in milk (by a mean of 60%; Table 3), in line 
with lower 18:0 outputs from the rumen being available 
for absorption and mammary gland uptake. Compared 
with the previous study by Toral et al. (2015) using 
fish oil treatment, similar effects on 18:0 and cis-9 18:1 
were observed in goats and cows in the present study. 
Indeed, this treatment in Toral et al. (2015) decreased 
18:0 and cis-9 18:1 by 69 and 55%, respectively, in cows 
[versus −61% (Table 3) and −57% (Table 4) in the 
present study], whereas the sum of trans-FA increased 
by 334% (versus 212% in the present study). Similarly, 
in goats fed 2% DM of fish oil (Toral et al., 2015), 18:0 
and cis-9 18:1 decreased by 79 and 69%, respectively 
(versus −68 and −58% in the present study), whereas 
the sum of trans-FA increased by 270% (versus 164% 
in the present study). The smallest effect on the sum 
of trans-FA in the present study compared with that 
in Toral et al. (2015) could be due to differences in 
the nature and composition of the marine supplements, 
particularly the higher dietary DHA content in MAP 
compared with fish oil.
Therefore, it was proposed that the negative effect 
of marine lipids rich in long-chain FA on milk fat syn-
thesis occurs via a decrease in ruminal 18:0 outflow ac-
companied by collective increases in trans-FA that can-
not be desaturated by stearoyl-CoA desaturase (SCD) 
in the ruminant mammary gland, which increases the 
mean melting point and decreases the milk fat fluid-
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ity (Loor and Herbein, 2003; Loor et al., 2005; Gama 
et al., 2008). Otherwise, under these conditions the 
increase in trans-11 18:1 output from the rumen lead 
to increases cis-9,trans-11 CLA in milk (Tables 4 and 
5). However, the delta-9 desaturation ratios, which are 
commonly used as estimators of SCD activity (Bernard 
et al., 2013), are marginally modified under this treat-
ment (Table 3), suggesting an absence of compensation 
mechanisms via SCD activity.
Conversely, a recent study in dairy ewes (Toral et al., 
2018) showed that the addition of 18:0 in the diet does 
not correct the MFD induced by fish oil, suggesting 
that other mechanisms in addition to the decrease in 
ruminal production of 18:0 may be involved. It remains 
possible that specific intermediates formed during the 
metabolism of dietary PUFA constituents, in addition 
to the dietary long-chain PUFA, may also contribute 
to MFD in animals fed diets containing marine lipids 
(Shingfield and Griinari, 2007; Bernard et al., 2008). 
In addition, increases in trans-7,cis-9 CLA and trans-
9,trans-11 CLA in cows fed MAP were negatively as-
sociated with milk fat content (r = −0.705, n = 24, P < 
0.001 and r = −0.606, n = 24, P < 0.01, respectively), 
as observed in cows fed COS. Additionally, it may be 
noted that, with MAP (in the present study) and fish 
oil supplementation (Toral et al., 2015), the abundance 
of trans-10,cis-12 CLA was not altered in either species, 
which is consistent with earlier studies showing that 
an increase in the milk trans-10,cis-12 CLA concentra-
tion (Loor et al., 2005; Shingfield and Griinari, 2007; 
Toral et al., 2014) or a greater accumulation of trans-
10,cis-12 CLA in the rumen (Shingfield and Griinari, 
2007; Boeckaert et al., 2008) is uncommon in ruminants 
fed marine lipids, even though MFD is always observed 
at least in cows.
Response to Hydrogenated Palm Oil
Previous research on dairy cows has reported differ-
ent effects of saturated fat supplementation on DMI 
and milk production parameters. In the present study, 
HPO (containing 47% of 16:0 and 48% of 18:0, sup-
plying 1.3 and 1.4% DM of 16:0 and 18:0, respectively, 
representing a 6-fold increase in C16:0 and a 38-fold in-
crease in C18:0 in both species; Table 2) had no adverse 
effects on milk yield and DMI in both species. This was 
in contrast to the 7 to 10% decrease in DMI reported 
in cows (Rico et al., 2014) fed a diet supplemented with 
high-palmitic acid (containing 84.8% of 16:0 and 8.3% 
of 18:1, supplying 2.1 and 1% DM, respectively). This 
result is consistent with previous reports showing that 
long-chain SFA supplements usually have little effect on 
DMI compared with UFA supplements (Allen, 2000).
In cows, HPO induced a 13% increase in milk fat 
content compared with the CTL (Table 2), which 
agrees (Mosley et al., 2007; Piantoni et al., 2013) with 
Table 8. Effect of dietary supplements of corn oil and starch or marine algae powder or hydrogenated palm oil on milk 20- and 22-carbon fatty 
acids (FA) in cows and goats1
FA, g/100 g  
of FA
Cows Goats
SEM
P-value2
Control COS MAP HPO Control COS MAP HPO Sp D Sp × D
20:0 0.14bc 0.11cd 0.11d 0.14bc 0.14bc 0.17a 0.11d 0.15b 0.0043 0.008 <0.001 <0.001
cis-9 20:1 0.11a 0.12a 0.076b 0.11a 0.015c 0.019c 0.022c 0.018c 0.0045 <0.001 0.010 0.001
cis-11 20:1 0.024d 0.097a 0.060b 0.021d 0.034cd 0.054b 0.046bc 0.028cd 0.0025 0.012 <0.001 <0.001
20:2n-6 0.043 0.034 0.038 0.042 0.019 0.019 0.025 0.019 0.0016 <0.001 0.293 0.197
20:3n-6 0.071 0.047 0.076 0.068 0.023 0.021 0.036 0.022 0.0022 <0.001 <0.001 0.066
20:3n-33 0.018b 0.019b 0.051a 0.018b 0.018b 0.014b 0.019b 0.015b 0.0015 <0.001 <0.001 <0.001
20:4n-6 0.12bc 0.074d 0.30a 0.11cd 0.15b 0.15bc 0.26a 0.13bc 0.0058 0.013 <0.001 <0.001
20:5n-3 0.072c 0.035c 0.36a 0.063c 0.052c 0.047c 0.15b 0.048c 0.0067 <0.001 <0.001 <0.001
22:0 0.058a 0.022e 0.053abc 0.053ab 0.041bcd 0.033de 0.041bcd 0.038cd 0.0020 0.010 <0.001 <0.001
22:2n-6 0.038b 0.013b 0.13a 0.038b 0.000b 0.002b 0.023b 0.000b 0.0055 <0.001 <0.001 <0.001
22:4n-6 0.016 0.025 0.037 0.018 0.016 0.018 0.029 0.013 0.0020 0.095 <0.001 0.675
22:5n-34 0.11c 0.072c 0.29a 0.10c 0.10c 0.090c 0.18b 0.092c 0.0075 0.011 <0.001 <0.001
22:6n-3 0.074c 0.040c 1.15a 0.069c 0.078c 0.10c 0.77b 0.083c 0.028 0.079 <0.001 <0.001
24:0 0.037a 0.015b 0.040a 0.035a 0.014b 0.016b 0.020b 0.016b 0.0014 <0.001 <0.001 <0.001
24:1n-95 0.014 0.043 0.028 0.012 0.010 0.017 0.016 0.008 0.0032 0.020 0.005 0.206
a-eMeans within a row not sharing a common superscript differ (P < 0.05) due to species by diet interactions.
1Control = basal diet containing no additional oil; COS = basal diet containing corn oil and wheat starch; MAP = basal diet containing marine 
algae powder; HPO = basal diet containing hydrogenated palm oil.
2Probability of significant effects due to species (Sp), experimental diet (D), and their interaction (Sp × D).
3Coelutes with cis-13 22:1.
4Coelutes with 26:0.
5Coelutes with 22:3n-3.
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the results of other studies of cows fed palmitic acid-
supplemented diets, with the exception of Rico et al. 
(2014).
No positive effect of palm oil supplementation on 
milk fat content was observed in goats (with a slight 
increase by 4%; Table 2). As expected, enrichment of 
16-carbon FA in cow milk was observed that specifically
resulted from an increase in 16:0 (Table 3), but not in
goats. This observation in cows was accompanied by a
decrease in the sum of <C16 FA yield (Figure 1), syn-
thesized de novo, as observed in other experiments with
palmitic acid-enriched dietary treatments (Piantoni et
al., 2013), but other studies reported large increases in
16:0 yield without a decrease in de novo FA yield (Mos-
ley et al., 2007). Conversely, HPO does not alter the
milk FA profile in goats, except for a specific decrease
in 10:0. Again, these data highlighted interspecies-
specific responses to lipid supplements, particularly
16:0- and 18:0-enriched supplements. These differences
likely originate from intermediary (availability of FA)
and mammary (uptake of FA) metabolism due to the
moderate effect of these SFA-enriched supplements on
milk trans FA.
Milk LPL Activity
In recent decades, research showed that, in addition 
to milk FA secretion, milk LPL activity and fat lipoly-
sis responses to nutritional factors also differ markedly 
between goats and cows (Chilliard et al., 2014). Re-
gardless of diet, LPL activity was higher in cows than 
in goats (means of 498 and 396 nmol/mL, respectively; 
Table 2), in line with the results of earlier studies (Toral 
et al., 2015; Chilliard et al., 2003; Chilliard et al., 2014). 
However, in both species, the milk LPL activity was 
decreased to a similar extent with lipid supplements, 
except for MAP, which did not significantly reduce 
LPL activity in goats compared with the CTL. Previ-
ous studies in goats demonstrated that dietary plant oil 
and oilseed or fish oil supplements decreased milk LPL 
activity (Eknæs et al., 2009; Chilliard et al., 2014), and 
Toral et al. (2015) suggested the existence of a dose-
dependent relationship with LPL activity with fish oil 
treatment. The decrease in LPL activity in cows fed 
the 3 lipid supplements is consistent with the result 
obtained for fish oil in the earlier study (Toral et al., 
2015).
CONCLUSIONS
A direct comparison of the milk fat content and 
yield responses to various diets that were either rich in 
starch and supplemented with corn oil or supplemented 
with marine algae or hydrogenated palm oil supports 
species-specific regulation of ruminal and postabsorp-
tive tissue metabolism. In particular, COS caused a 
shift from the trans-11 to the trans-10 pathway in 
the rumen in cows, which was far less pronounced in 
goats. However, it is likely that other BH intermedi-
ates (trans-7,cis-9 CLA, trans-9,trans-11 CLA, and 
trans-10,trans-12 CLA) with antilipogenic effects may 
intervene to explain MFD with COS as well as other 
mechanisms, such as the observed decrease in plasmatic 
precursors of the de novo FA synthesis (acetate and 
BHB), which probably contributes to a reduction in 
milk fat synthesis in this species. Supplements of DHA-
rich marine algae resulted in similar responses among 
species inducing MFD, although to a lesser extent in 
goats than in cows. In both species, changes in the milk 
FA composition were characterized by decreases in 18:0 
and cis-9 18:1, increases in trans-18:1 and ≥C20, and 
no effect on trans-10,cis-12 CLA. The HPO treatment 
increased the milk fat content in cows, but not in goats, 
and was accompanied by an increase in 16-carbon FA 
in the milk of this species, suggesting that cows had a 
greater ability to incorporate C16:0 in milk fat than 
goats, probably due to differences in postabsorptive 
tissue metabolism. These data confirm the hypothesis 
of a greater stability of the caprine milk fat content 
and secretion response to dietary conditions that ei-
ther decrease or increase milk fat content and yield 
in cows. The in-depth analysis at the level of rumen, 
intermediary, and mammary gland metabolism of the 
present study will offer an efficient means to decipher 
the underlying mechanisms. These data will contribute 
to the development of feeding strategies to alter the 
milk FA composition and optimize milk fat production.
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 Déterminer l’abondance des ARNm de gènes impliqués dans le métabolisme des lipides
dans la GM chez la vache et la chèvre recevant 4 régimes supplémentés ou non en lipides
ayant des effets marqués et différents sur la sécrétion des MGL entre ces 2 espèces.
 Relier les expressions des gènes de la lipogenèse aux AG du lait issus des voies
métaboliques dans lesquels ils sont impliqués.
 Etudier la relation entre les sécrétions d’AG, notamment ceux connus pour leurs effets
antilipogéniques, et les abondances des ARNm.
4 Régimes : 
CTL : non supplémenté en lipide (Contrôle) 
COS : 5% Huile de maïs (riche en C18:2 n-6) + Amidon (+40% par rapport au CTL)       
DHA : 1,5% Poudre d’algues Schizochytrium sp (riche en DHA) 
HPO : 3% Huile de Palme hydrogénée (riche en C16:0 et C18:0) 
OBJECTIFS 
Même stade de lactation, non gestantes  2 Carrés Latins 4x4 conduits 
simultanément (1 par espèce)  
12 vaches 
12 chèvres 
DEMARCHE EXPERIMENTALE 
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Parmi les 21 gènes dont l’abondance des ARNm a été mesurée, 11 sont associés au métabolisme 
des lipides, 3 au métabolisme des protéines du lait, un au processus d’inflammation, et 6 sont 
des facteurs de transcription. 
 Avec le régime CTL, 5 ARNm sont plus abondants chez la vache et 9 ARNm chez la
chèvre.
 Quels que soient l’espèce et le régime, aucune variation de l’expression des gènes n’a
été observée, malgré la diminution de sécrétions d’AG issus des voies métaboliques
correspondantes avec le régime COS et MAP, au moins chez la vache, excepté pour 3
facteurs de transcription : INSIG1, PPARα et SP1 (Voir Table ci-dessous).
Table : Réponses de l’abondance des ARNm de 3 facteurs de transcription dans le tissu mammaire chez 
la vache et la chèvre à des régimes supplémentés en lipides. 
% par rapport au 
Contrôle 
Vaches Chèvres P-value
COS1 MAP HPO COS MAP HPO Espèce 
(Es) 
Régime 
(R) 
Es x R 
INSIG1 -53% -41% = -30% -37% = <0,001 0.040 0,645 
PPARα -42% = = = = = <0,001 0,038 0,111 
SP1 -41% = = = = =   0,611 0,010 0,248 
1COS : Corn Oil and Starch, MAP : Marine Algae Powder, HPO : Hydrogenated Palm Oil 
PRINCIPAUX RESULTATS 
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 Les expressions des 21 gènes étudiés dans la GM révèlent des spécificités selon les
espèces.
 Les variations de la teneur en MG du lait et de la sécrétion d'AG en réponse aux régimes
n'ont pas été associées à des modifications de l'expression de 21 gènes impliqués dans
les principales voies lipogéniques, à l'exception de 3 facteurs de transcription.
 Ces résultats suggèrent que les différences inter-espèces de réponses de la MGL
observées avec ces régimes impliquent des mécanismes autres que l'expression des
gènes de la lipogènese, tels que des régulations post-transcriptionnelles, et/ou à un effet
de l’heure de prélèvement du tissu mammaire par rapport à la traite et au repas, et/ou à
des différences de disponibilité des substrats.
CONCLUSIONS 
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INTERPRETATIVE SUMMARY: Effect of diets supplemented with starch and corn oil, 
marine algae or hydrogenated palm oil on mammary lipogenic gene expression in cows 
and goats: A comparative study. By Fougère et al. 
A direct comparative study of lactating cows and goats was performed to test the hypothesis 
that the mammary mechanisms underlying milk fat plasticity induced by diets supplemented 
with various lipids were different and that mammary lipid metabolism responses varied 
between animal species. Changes in milk fat content and fatty acid secretion were not associated 
with alterations in the expression of 21 genes involved in the major lipogenic pathways except 
for 3 transcription factors, and revealed species specificities. These results suggested that the 
inter-species differences in milk fat responses observed with these diets involved mechanisms 
other than lipogenic gene expression.  
Résultats 
ABSTRACT 
A direct comparison of cow and goat performance and milk fatty acid (FA) responses to diets 
that either induce milk fat depression or increase milk fat content in cows suggests species-
specific regulation of lipid metabolism, including mammary lipogenesis. This experiment was 
conducted to highlight potential mechanisms responsible for the differences in mammary 
lipogenesis due to diet and ruminant species. Twelve Holstein cows and 12 Alpine goats were 
fed a basal diet containing no additional lipid (CTL) or a similar diet supplemented with corn 
oil (5% dry matter intake (DMI)) and wheat starch (COS), marine algae powder (MAP, 1.5% 
DMI), or hydrogenated palm oil (HPO, 3% DMI), according to a 4 x 4 Latin square design 
with 28-d experimental periods. Milk yield, milk composition, FA profile and secretion 
were measured. On day 27 of each experimental period, the mRNA abundance of 21 genes 
involved in lipid metabolism or enzyme activities or both were measured in mammary tissue 
sampled by biopsy. The results showed significant differences (P < 0.05) in the milk fat 
response of cows and goats to the dietary treatments: in cows, fat content was lowered by COS 
(-45%) and MAP (-22%) and increased by HPO (+13%) compared with CTL, and in goats, 
only MAP had an effect compared with CTL with a decrease of 15%. In both species, COS 
and MAP lowered the yields (mmol/d/kg body weight (BW)) of <C16 and C16 FA. With 
COS, this decrease was compensated by an increase of >C16 FA in goats but not in cows, 
and the >C16 FA yield decreased with MAP in both species. HPO supplementation increased 
the yield of milk C16 FA (mmol/d/kg BW) in cows. These variations in milk fat content 
and FA secretion were not associated with modifications in the mammary expression of 21 
genes involved in major lipid pathways, except for 3 transcription factors: PPARα, INSIG1
and SP1. This absence of large changes might be due to post-transcriptional regulation of 
these genes and related to the time of sampling of the mammary tissue relative to the previous 
meal and milking or to differences in the availability of substrate for these proteins. However, 
the abundance of 14 mRNAs among 
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the 21 encoding for genes studied in the mammary gland was significantly different among 
species, with 5 more abundant in cows (FADS3, ACSL1, PPARα, LXRα and PPARG1) and 10
more abundant in goats (FASN, CD36, FABP3, LPL, GPAM, LPIN1, CSN2, MFGE8 and 
INSIG1). These species specificities of mammary lipid metabolism require further 
investigation. 
Keywords: ruminant species, lipid supplement, mammary gland, lipogenic gene expression, 
milk fat plasticity 
INTRODUCTION 
The milk fat content and composition of ruminants are a determinant of the feed efficiency 
of animals and of the nutritional quality for the consumer (Chilliard et al., 2007). Thus, 
increased understanding of the mechanisms involved in milk fat synthesis is a prerequisite to 
modulate milk fat content and composition. Among breeding factors, nutrition is a rapid and 
efficient tool to modulate milk fat content and composition; in particular, the addition of 
lipid supplements in ruminant diets has been widely used these last decades to improve 
milk fatty acid (FA) composition. In cows, under certain dietary conditions, such as 
diets rich in starch and supplemented with plant oils or diets supplemented with marine 
lipids, a milk fat depression (MFD) appears (Bauman and Griinari, 2001). To explain this 
phenomenon with diets rich in starch and plant oils, the biohydrogenation (BH) theory 
prevails, according to which these diets modify the BH pathways of PUFA in the rumen with 
a consequent shift from the trans-11 to trans-10 isomer formation, with some of them 
having anti-lipogenic effects, particularly the trans-10,cis-12 conjugated linoleic acid (CLA) 
(Bauman and Griinari, 2003). For marine lipids, MFD has been attributed to an inhibition of 
the last step of rumen BH pathways that conducts to a concomitant shortage of 18:0 for 
endogenous cis-9 18:1 synthesis in the mammary gland and an increase in the supply of 
trans-FA formed in the rumen (Shingfield and Griinari, 2007) 
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which might increase milk fat melting point and impair fat secretion. .However, these theories 
alone do not explain the MFD, suggesting that other mechanisms are involved.  
Moreover, indirect comparison studies suggest that MFD is not commonly observed in small 
ruminant species, particularly in goats under dietary conditions similar to those that induce 
MFD in cows (Chilliard et al., 2003; Shingfield et al., 2010). To confirm these findings, a first 
direct comparison between dairy cows and goats revealed that the caprine is less sensitive to 
the 2 types of diets known to induce MFD (high starch and plant oil or fish oil diets) in the 
bovine (Toral et al., 2015). A more complete comparison study was recently conducted with 
dairy cows and goats fed various lipid supplements known to induce MFD or conversely to 
increase fat content in the bovine and for which the effects in goats are absent or unknown 
(Fougère et al., 2018). The study revealed relevant interspecies differences and species-by-diet 
interactions: (1) high-starch diets containing plant oils or addition of marine algae in the diet 
induced MFD in cows and had respectively, no or lesser effect in goats, and (2) hydrogenated 
palm oil diet induced milk fat increase in cows and not in goats. The reasons for these 
differential lipogenic responses between two closely related ruminant species are not well 
understood, but based on indirect and on the unique direct comparisons of milk FA composition, 
both ruminal BH and mammary lipid metabolism (Shingfield et al., 2010; Toral et al., 2016; 
Bernard et al., 2017) could be implicated. The aim of the present study was to provide further 
insight into the mechanisms regulating mammary lipid metabolism in ruminants in order to help 
to control milk fat secretion in ruminants and find a way to reduce the MFD observed in cows 
under specific dietary conditions. Indeed, milk fat synthesis is under the control of a set of genes 
whose alteration in expression could partly explain the diet-induced MFD or fat augmentation, 
with the underlying mechanisms that might differ depending on dietary conditions or animal 
species. Moreover, previous studies in cows under MFD outlined differences in the responses 
of mammary gene expression with either decreases (Piperova et al., 2000; Ahnadi et al., 2002; 
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Harvatine and Bauman, 2006; Angulo et al., 2012) or no effect (Bernard et al., 2017). Thereby, 
this direct comparative study on dairy cows and goats was designed to test the following 
hypotheses: (1) mammary genes expression underlying MFD induced by starch and plant oils 
or marine supplements differ, (2) diet-induced increases in fat yield could result from higher 
availability of mammary substrate for lipogenesis rather than modification of mammary gene 
expression, and (3) these mechanisms and mammary lipid responses differ between ruminant 
species with the goat less sensitive to changes induced by diet than the cow. To achieve this 
goal, cows and goats were fed a basal diet (CTL), a similar diet supplemented with corn oil and 
additional starch from wheat (COS), a diet supplemented with marine algae powder (MAP), or 
one supplemented with hydrogenated palm oil (HPO). Changes in animal performances, milk 
FA yields, plasma metabolites, expression of several genes involved in the major lipogenic 
pathways, and the activities of a few lipogenic enzymes were measured to deduce the potential 
mechanisms responsible for the differences in mammary lipogenic responses to diets and 
ruminant species. 
MATERIALS AND METHODS 
Animals, Experimental Design, Diets, and Management 
The Auvergne Rhône-Alpes Ethics Committee for Experiments on Animals approved all 
experimental procedures (France; DGRI’s agreement APAFIS#3277-2015121411432527 v5), 
which were compliant with the guidelines established by the European Union Directive 
2010/63/EU. The details of the experimental design are described in Fougère et al. (2018). 
Briefly, 12 Holstein cows and 12 Alpine goats all multiparous, non-pregnant and at a lactation 
stage of 86 ± 24.9 and 61 ± 1.8 DIM respectively, were allocated to one of 4 groups (3 cows 
and 3 goats per group), which were balanced according to DIM, milk production, milk fat and 
milk protein content, in a replicated 4 × 4 Latin square design to test the effects of 4 treatments 
that were randomly assigned to each group over four 28-d experimental periods. All animals 
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were offered a diet composed of grass hay ad libitum with concentrates containing no additional 
lipid (Control; CTL), corn oil and wheat starch (COS), marine algae powder of Schizochytrium 
sp. (MAP), or hydrogenated palm oil (HPO). Formulation of experimental concentrates and 
chemical composition of concentrates and grassland hay were described in Fougère et al. 
(2018). In the COS, MAP and HPO treatments, corn oil (5.0% total DMI), marine algae powder 
of Schizochytrium (1.5) and hydrogenated palm oil (3.0), respectively, were added to the 
concentrate manually immediately before applying feed. Diets were offered as 2 equal meals at 
0830 and 1600 h, starting with the concentrate (supplemented or not in lipids) distribution, 
followed by hay. Concentrate and hay refusals were weighed daily and used to adjust the 
amounts of feed offered the following day to maintain the targeted dietary forage to concentrate 
ratio (45:55 on a DM basis). The formulation, chemical composition and FA profile of the 
concentrates and hay have been reported previously (Fougère et al., 2018). Corn oil, marine 
algae powder and hydrogenated palm oil supplements were supplied at 920 and 111 g/d, 310 
and 40 g/d and 630 and 80 g/d in cows and goats, respectively. The animals had access to a 
constant supply of fresh water ad libitum and were milked at 0800 and 1530 h. 
Measurement and sampling 
Feed intake, the chemical composition of experimental diets, and milk yield were determined 
for each experimental period according to sampling protocols and analytical procedures 
outlined elsewhere (Fougère et al., 2018). The milk yields of individual animals were recorded 
over 6 milkings at 0800 and 1500 h on d 21, 22 and 24 of each of the 4 experimental periods. 
Simultaneously, milk samples were individually collected and treated with preservative 
(bronopol-B2; LIAL, Aurillac, France) to measure fat, protein and lactose. Unpreserved milk 
samples were also collected over 2 consecutive milkings starting at 0800 h on day 24 of each 
experimental period and then stored at −20°C for analysis of FA composition (Fougère et al., 
2018).  
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On day 27 of each experimental period, mammary tissue was collected under sterile 
conditions using a biopsy instrument (AgResearch Ruakura, Ruakura Agricultural Center, 
Hamilton, New Zealand) as previously described by Farr et al. (1996) for cows and the Acecut 
Gun (11 G × 11.5 cm; Mediapi, Bourges, FR; according to the manufacturer’s instructions) for 
goats. Mammary biopsies were obtained 5-7 h after the morning milking and the morning 
feeding following the procedure previously described (Bernard et al., 2017). Approximately 
600 mg and 30 mg of mammary tissue for cows and goats, respectively, were collected from a 
midpoint on a rear quarter, alternating from the 2 rear quarters of the udder (for the 4 periods). 
The tissue biopsies were rinsed in a 0.9% sterile saline solution and inspected visually to verify 
the homogeneity of the secretory tissue sampling; the biopsies were rapidly snap-frozen in 
liquid N2 and kept at -80°C until RNA extraction and enzyme assays for cows and RNA 
extraction for goats. The collection of tissue biopsies resulted in minimal bleeding, and milk 
appeared normal after one to three subsequent milkings. During this period, extreme care was 
taken during manual milking to remove possible blood clots lodged in the glands. No intra-
mammary infections or loss of milk production was encountered following mammary tissue 
biopsies. 
At the end of the experiment (fourth period), the goats were integrated into a herd of dairy 
goats in the mid-mountain area of the region Auvergne-Rhône-Alpes and cows joined the herd 
of the experimental farm. 
RNA Isolation and Real-Time Reverse Transcription-PCR 
Total RNA was prepared with the homogenization of approximately 120 mg of cow mammary 
tissue and 30 mg of goat mammary tissue in 1 ml and 0.35 ml of Trizol Reagent (Life 
Technologies, Saint Aubin, France), respectively, followed by isolation using a Pure Link RNA 
mini kit isolation system (Life Technologies, Saint Aubin, France), according to the instructions 
of the manufacturer. Potential contaminating genomic DNA was removed through a DNase 
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treatment step (RNase-Free DNase Set #79254, Courtaboeuf, France). RNA concentrations 
were determined by measuring absorbance at 230, 260 and 280 nm using a NanoDrop™ 
(ND-1000 spectrophotometer; NanoDrop, Labtech, Palaiseau, France). RNA integrity 
was determined using a 2100 Bioanalyzer (Agilent Technologies, Massy, France) and was 8.2 
(SD 0.53) and 8.3 (SD 0.38) on average for mammary RNA from cows and goats, 
respectively. Using total RNA isolated from the mammary biopsy samples, reverse 
transcription was performed with 2 µg of purified total RNA using a High-Capacity RNA-
to-cDNA kit (Ref. 4387406; Life Technologies, Saint Aubin, France) in a final volume of 20 
µl. The samples were stored at -20°C. 
The mRNA abundance of the following 21 candidate genes was measured 
via quantitative RT-PCR: FA synthase (FASN) involved in de novo FA synthesis; FA 
translocase (CD36), Fatty Acid Binding Protein 3, Muscle and Heart (FABP3) and Solute 
Carrier Family 2 (Facilitated Glucose Transporter), with Member 1 (SLC2A1) involved in FA 
uptake for the 2 former and glucose uptake for the latter; Lipoprotein Lipase (LPL) involved 
in the uptake of FA from circulating TAG; Stearoyl-CoA Desaturase 1 (SCD1), Stearoyl-
CoA Desaturase 5 (SCD5), and Fatty acid Desaturase 3 (FADS3) involved in FA 
desaturation; Glycerol phosphate acyltransferase (GPAM) and Phosphatidate 
Phosphatase LPIN1 (LPIN1) involved in triglyceride synthesis; Acyl-CoA Long Chain 
Family Member 1 (ACSL1) involved in fatty acid activation and transport; Casein Beta 
(CSN2), which is a major protein in milk; Lactadherin (MFGE8), which is a protein of milk 
fat globule membrane; Mechanistic Target of Rapamycin Kinase (mTOR) involved in 
protein synthesis; Toll Like Receptor 4 (TLR4) involved in inflammation; and the 
transcription factors Sterol Regulatory Element Binding transcription Factor 1 (SREBF1), 
Liver x Receptor Alpha (LXRα), Peroxisome Proliferator-Activated Receptor Alpha
(PPARα), Peroxisome Proliferator-Activated Receptor Gamma (PPARG1),
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Sp1 transcription factor (SP1), and Insulin-induces gene 1 protein (INSIG1), which are 
involved in the regulation of lipogenic gene expression.  
To account for variation in RNA integrity, RNA quantification and cDNA synthesis, the mRNA 
abundance was normalized using the geometric mean of 3 reference genes (Ribosomal Protein, 
Large, P0 (RPLP0), Ubiquitously expressed Transcript (UXT) and Eukaryotic translation 
Initiation Factor 3 subunit K (EIF3K)), which were identified as suitable internal controls for 
inter-species comparison among several tested (Bonnet et al., 2013). The mRNA abundance 
was quantified in duplicate via real-time quantitative RT-PCR using the StepOnePlus TM real-
time PCR system (Life Technologies, Saint Aubin, France) and SYBR Green dye (Power 
SYBRGreen PCRMasterMix) or a fluorescent TaqMan probe (TaqManFast Universal PCR 
Master Mix), according to the manufacturer’s instructions (Life Technologies, Saint Aubin, 
France), and with specific primers and probes (Supplemental Table S1). Specific primers and 
probes were designed on a consensus cDNA fragment between species. Briefly, for SYBR 
Green technology, after an initial denaturing step (95°C for 10 min), the PCR mixture was 
subjected to the following 2-step cycle repeated 40 times: denaturing for 15 s at 95°C, annealing 
for 45 s at 58°C or 60°C or 62°C (depending of the primer pairs). Real-time PCR based on 
TaqMan probe technology was performed under the same conditions, but the annealing for 
primer pairs was always for 45 s at 60°C.  
PCR efficiency was 94.5% (SD 8.38) for the 21 target genes and 99.7% (SD 0.44) for the three 
reference genes. The abundance of candidate gene transcripts was expressed as the mRNA copy 
number relative to the geometric mean of the three reference genes to account for variations in 
RNA integrity. Relative mRNA abundance was calculated using the 2-delta CT method, where CT 
is the endpoint of real-time PCR analysis, and the delta CT is CT gene – CT arithmetic mean 
of the 3 reference genes.  
Enzyme Assays 
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The activities of the following lipogenic enzymes were assayed as described by Bernard et 
al. (2005) in cow mammary gland samples: FA synthase (FAS; EC 2.3.1.85), malic enzyme 
(ME; EC 1.1.1.40) and glucose-6-phosphate dehydrogenase (G6PDH; EC 1.1.1.49), 
which are involved in de novo lipogenesis; and glycerol-3-phosphate dehydrogenase 
(G3PDH; EC 1.1.1.8), which is involved in FA esterification. 
Statistical Analyses 
The mRNA abundance data were subjected to ANOVA for a 4 × 4 Latin square design 
(Kaps and Lamberson, 2009) using the MIXED procedure in the SAS statistical software 
package (version 9.4, SAS Institute Inc., Cary, NC). The statistical model included the fixed 
effects of period, species (Sp), experimental diet (D), the interaction Sp × D, and the random 
effect of individual animal nested within species. For cows, enzyme activity data were 
subjected to ANOVA for a 4 × 4 Latin square design using the MIXED procedure in SAS. 
The statistical model included the fixed effects of period, species (Sp), experimental diet (D), 
the interaction Sp x D and the random effect of animal nested within treatment. The 
differences between means were evaluated using the “pdiff option” of the “LS means” 
statement in the MIXED procedure and adjusted for multiple comparisons using Tukey-
Kramer’s method, and they were declared significant at P<0.05. P-values included between 
>0.05 and ≤0.10 were interpreted as trending toward significance. Pearson’s correlation
coefficients (r) were generated for associations between the abundance of mammary mRNAs 
among themselves and the concentration of specific FA in the milk and plasma metabolites. 
Pearson correlation coefficients were computed using XLStat software (Version 2009.1.01, 
Addinsoft , Paris, France) and the correlation values were considered significant at P <
0.05.  
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RESULTS 
Diet Composition 
The formulation of experimental concentrates and the chemical composition and FA 
profile of concentrate supplements and grassland hay are reported in Table 1. By design, grass 
hay was fed ad libitum, and the amount of concentrate offered was adjusted daily to maintain 
the target dietary forage to concentrate ratio (45:55, on a DM basis; see Fougère et al. (2018) 
for more details). The inclusion of oil resulted in more ether extract in the COS, MAP and HPO 
treatments than that in the control (Table 1). The starch content in the COS treatment increased 
by approximately +29% compared with that in the control. By design, the inclusion of corn oil 
resulted in increased intake of cis-9 18:1 and 18:2n-6 in the COS diet, with 18:2n-6 the primary 
FA, whereas the addition of marine algae powder increased the intake of 14:0, 22:5n-3, and 
22:6n-3 in the MAP treatment, and the addition of hydrogenated palm oil increased the intake 
of 16:0 and 18:0 in the HPO treatment (Table 2). 
[Please, insert Tables 1 and 2 near here] 
Animal Performance 
The effects of the treatments on animal performance and milk composition are reported 
in Table 2 and with more details in Fougere et al. (2018). The DMI per kilogram of body weight 
(BW) was 50% higher (P < 0.001) in goats than in cows, and the milk yield per kilogram of 
BW was higher (P = 0.002, +38%) for goats than for cows (Table 2). Milk fat, protein and 
lactose contents were similar between species in the controls. The daily yield of milk <C16 
expressed as millimole per kilogram of BW was lower in cows than in goats fed the control 
treatment (P < 0.001), but no differences were observed for the secretion of C16 and >C16 FA 
(Table 2). 
Compared with the control, the inclusion of oil supplements affected DMI expressed per 
kilogram of BW (P < 0.001) similarly in both species (Table 2), with a decrease in the mean 
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with COS of 15% compared with that of the CTL. In cows, COS decreased the milk fat content 
compared with the CTL (Table 2) by 45%, and MAP decreased the content by 22% and 15% 
in cows and goats, respectively. Moreover, HPO increased milk fat content in cows by 13%. In 
cows, protein content with COS increased by 7% compared with that in the CTL. In cows, MAP 
decreased lactose content by 5% (Table 2).  
[Please, insert Table 2 near here] 
In cows, COS decreased the secretion (mmol/d and per kg BW) of all fatty acid classes 
(<C16, C16 and >C16), whereas in goats, this diet only decreased <C16 and C16 but increased 
>C16. In cows, MAP decreased secretion of C16 and >C16, which was also observed in goats
in addition to that of the <C16. In cows, HPO only increased secretion of C16, which was not 
observed in goats (Table 2). 
Mammary Lipid Metabolism 
Among the 21 mRNAs encoding for genes involved in mammary metabolism, the 
abundance of 14 was significantly affected by species (P < 0.05), with a tendency (P < 0.10) 
for significance for TLR4 and no significant effect (P > 0.10) for SCD1, SCD5, mTOR, 
SLC2A1, SP1 and SREBF1 (Table 3). Of the 14 mRNA transcripts differentially 
expressed between species, 5 were more abundant in cows (FADS3, ACSL1, PPARα, LXRα, 
and PPARG1), and 9 were more abundant in goats (FASN, CD36, FABP3, LPL, GPAM, 
LPIN1, CSN2, MFGE8 and INSIG1) (Table 3). 
The dietary treatments had an effect (P < 0.05) on the abundance of only 3 mRNAs 
encoding for genes involved in the regulation of lipid metabolism in the mammary gland 
in both species (Table 3): COS decreased mRNA abundance of PPARα, INSIG1 and SP1, 
and MAP decreased mRNA abundance of INSIG1. 
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Because of a species × diet interaction, a tendency (P < 0.10) for significance for LPL was 
observed. LPL mRNA tended to be less abundant in goats with MAP and more abundant with 
HPO compared to CTL, whereas no effect was observed in cows. 
The dietary treatments had no effect on activities of the 4 enzymes in the mammary tissue 
collected in cows at the end of each experimental period (n = 48) by biopsy (Table 4). 
DISCUSSION 
This study is the second part of a direct comparison trial with dairy goats and cows fed various 
lipids. The first part was dedicated to dairy performances demonstrating strong species 
specificities in milk fat secretion and fatty acid composition (Fougère et al. 2018) with the main 
data summarized in Table 2. In the continuity, the present study examined the responses of 
mammary lipid metabolism. 
Milk Fat Production and Composition 
The data on animal performance and milk production and composition are thoroughly reported 
and discussed in Fougère et al. (2018). The direct comparison of cows and goats performances 
in response to the COS, MAP and HPO treatments (with mean milk fat contents of 3.39 vs. 3.47 
for the control, 1.85 vs. 3.45 for COS, 2.64 vs. 2.95 for MAP and 3.82 vs. 3.62 for HPO in cows 
and goats, respectively; Fougère et al., 2018) confirmed interspecies differences in mammary 
lipogenesis, which were in part explored in the present study. In cows, COS and MAP treatment 
induced a decrease in the milk output of short-, medium- and long-chain FA (<C16, C16 and 
>C16) expressed as mmol per day and kilogram of BW (Table 2), which is consistent with
characterized MFD (Toral et al., 2015, Bauman and Griinari, 2003). In goats, COS induced a 
decrease in short- and medium-chain FA that was compensated by an increase in long-chain 
FA taken up from blood, allowing milk secretion to be maintained, in agreement with other 
trials in goats receiving diets rich in starch and PUFA, contrary to cows (Chilliard et al., 2007; 
44
Résultats 
Toral et al., 2015). However, the MFD observed with MAP in goats was associated with 
decreases in the output of all FA when expressed per kilogram of BW, although to lesser extent 
than that in cows (Table 2). In cows, with HPO, only medium-chain FA (∑C16) expressed per 
kilogram of BW increased with milk fat content. These data outlined species specificities in the 
regulation of mammary lipogenesis response to COS and HPO treatments. Among the 
mechanisms involved in this regulation and in the differences in responses between species, our 
previous study (Fougère et al., 2018) showed a dramatic and higher increase in milk trans-10 
isomers, in particular trans-10,cis-12 CLA, with COS treatment in cows than in goats. 
However, most likely other BH intermediates such as increased in milk trans-7,cis-9 CLA, 
trans-9,trans-11 CLA and trans-10,trans-12 CLA, as well as changes in circulating precursors 
of de novo FA synthesis such as a decrease in acetate and BHB, were involved. In particular, 
COS Changes linked to MAP-induced MFD, a decrease in 18:0 and cis-9 18:1 and an increase 
in trans-18:1 in milk, were similar in cows and goats. The HPO increase in milk fat content 
(but not fat yield) observed only in cows was accompanied by an increase in the yield of 16-
carbon FA (and the sum of 18:0 and cis-9 18:1 even though not significant) in milk, suggesting 
that cows had a greater ability to incorporate 16:0 in milk fat than that of goats, which could be 
due to differences in post-absorptive tissue metabolism. However, to better understand the 
underlying mechanisms of these responses, a thorough analysis of indicators of lipid 
metabolism in the rumen, plasma and mammary gland is a prerequisite, and the aim of the 
present study was to explore, at first, mammary lipogenesis.  
Mammary Metabolism 
Species Specificities. A direct comparison of mRNA abundance of the 21 genes studied for 
cows and goats fed similar diets provided clear evidence of interspecies differences for 14 of 
the genes involved in milk component synthesis, which suggested differences in mammary 
metabolism between the ruminant species. First, the mRNA abundance of 5 genes involved in 
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lipid metabolism (ACSL1, FADS3, PPAR, LXR and PPARG1; Table 3) was more important 
in cows than in goats. The FADS3 gene in ruminant mammal genomic sequence databases, as 
well as the role of the corresponding encoding protein Δ13-Desaturase in the endogenous 
synthesis of trans-11,cis-13 CLA from Δ13-desaturation of vaccenic acid have been 
demonstrated (Garcia et al., 2017). In accordance with the highest expression of FADS3 in cows 
compared with that in goats, higher desaturation ratios of trans-11,cis-13 CLA/trans-11 18:1 
were observed in cows than those in goats (Table 2). The higher abundance of mRNA of the 
PPAR, LXR and PPARG1 transcription factors in cows than that in goats suggested a higher 
transcriptional activity of their target genes. However, for PPARG1, among its target genes, 
FASN, LPIN1 and INSIG1 (Kadegowda et al., 2009) were not higher expressed in cows 
compared to goats. Indeed, mRNA abundance of 9 genes was higher in goats than that in cows 
(FASN, CD36, FABP3, LPL, GPAM, LPIN1, CSN2, MFGE8 and INSIG1). This result for FASN 
mRNA abundance is consistent with previous data (Bernard et al., 2017), which suggest a 
higher de novo synthesis in goats than that in cows in accordance with the higher <C16 sum (in 
mmol/d/kg BW; Table 2) observed in goats. However, in the absence of the corresponding 
protein content or activities, a cause and effect relationship between mammary mRNA and milk 
<C16 FA content is difficult to conclude. Furthermore, the highest mRNA abundance of CD36, 
LPL and FABP3 in goats compared with that in cows might be related with the higher milk FA 
>C16 sum (in mmol/d/kg BW; Table 2) observed in this species, which are products of the
pathways in which these genes are involved: long-chain FA uptake and transport by the 
mammary gland. mRNA abundance of CSN2 was higher in goats than that in cows, as 
previously observed in cows and goats (Bernard et al., 2017).  
A higher mRNA abundance of MFGE8, a protein of the milk fat globule, observed in goats 
together with the smaller average fat globule size (goats; 3.5 μm) in this species than that in 
cows (4.0 μm) (Park et al., 2007) could be related with previous results in different goat αS1-
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CN genotypes showing a negative association between MFGE8 protein and milk fat globule 
size (Cébo et al., 2012). 
Moreover, the results of the study demonstrated significant correlations between most of the 
studied genes. For example, in both species, LPIN1 and INSIG1 were significantly and 
positively associated (r = 0.791, n = 12, P < 0.001 and r = 0.724, n = 12, P < 0.001 in cows and 
goats, respectively). These correlations could be related with recent data that report the 
concomitant regulation of miR-26a/b and their target genes among which are LPIN1 and 
INSIG1 in goat mammary epithelial cells (Wang et al., 2016). 
Responses to the starch-rich diet plus corn oil or to marine algae powder or to hydrogenated 
palm oil supplements.  
Although the supplements of corn oil and wheat starch dramatically lowered the milk fat content 
and yield (g/d) in cows (-45% and -50%, respectively; Fougère et al., 2018) in contrast to goats, 
little or no variation in mammary mRNA and enzyme activities was observed in the present 
study. This absence of variation in candidate gene expression and enzyme activity is not 
consistent with previous studies reporting similar milk fat depression with plant oil in bovines 
(-43% in Piperova et al., 2000; -27% in Peterson et al., 2003) together with decreases in mRNA 
or the activity of lipogenic enzymes. 
As with the COS treatment, MAP induced little or no variation in mammary mRNA or enzyme 
activities, whereas this treatment lowered milk fat content and yield (g/d) in cows (-22% and -
26%, respectively; Fougère et al., 2018) and only milk fat content in goats (-15%). These results 
are not consistent with previous studies in bovines reporting lowered milk fat content and yield 
with diets supplemented with fish oil (-34% in Ahnadi et al., 2002) or supplemented with a 
mixture of plant oil and marine algae (-39% in Angulo et al., 2012) that was associated with 
large decreases in lipogenic gene expression in the mammary gland. However, in most cases, 
these data are consistent with a recent study on dairy cows and goats receiving diets 
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supplemented with either sunflower oil and starch or fish oil (Bernard et al., 2017) reporting 
decreasing milk fat yield (-31% for both diets in cows or no effect in goats) that was not 
associated with decreasing mRNA abundance or enzyme activities of lipogenic 
genes. However, the expression of a few genes was modified by diets in the present study. 
Indeed, COS decreased mRNA abundance of PPARα by 42% in cows, in contrast to data
reported in Bernard et al. (2017) with sunflower oil and starch. Moreover, COS and MAP 
decreased mRNA abundance of INSIG1 in both species, by 53% and 41%, respectively, in 
cows and by 30% and 37%, respectively, in goats. These results are not consistent with 
previous data (Leroux et al., 2016) reporting no variation in INSIG1 in cows fed a high 
forage supplemented with whole intact rapeseeds supplements; however, no variation of 
milk fat yield was observed in that study. In goats, the decrease of mRNA abundance 
of INSIG1 fed COS and MAP is in accordance with the reported decrease of INSIG1 
mRNA in ovines (Carreño et al., 2016) fed diets supplemented with fish oil, which induced a 
decrease of 22% in milk fat yield. Lastly, the 41% decrease in the mRNA abundance of SP1 
in cows fed COS is not consistent with the absence of variation for this gene under similar 
dietary treatment (SOS in Bernard et al., 2017). These slight variations in mRNA abundance 
observed in response to dietary treatments and their differences with previous studies 
might be partly attributable to methodological differences, including the time of 
mammary tissue sampling relative to concentrate distribution and milking. In most of the 
studies in which mammary biopsies are performed, the time of sampling relative to 
milking and the last meal is not available except for a few studies (Harvatine and 
Bauman, 2006, Baumgard et al., 2002 and Ticiani et al., 2016) in which the biopsy was 
specified at 1 to 5 h after morning milking and (most likely) feeding. In contrast to those 
studies, in Bernard et al. (2017), mammary biopsies were obtained before the morning 
milking and feeding, which was at least 16 h after the evening meal and milking. Under these 
conditions, the absence of variations in gene expression in response to MFD diets is attributed 
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to post-transcriptional or post-translational regulation for these genes and to short-term 
regulation of mRNA synthesis by nutrient supply (Chen et al., 2008), in addition to an 
accumulation of milk in mammary epithelial cells that limits expression of genes implicated in 
milk synthesis (Wall and McFadden, 2010). For these reasons, in the present study, mammary 
biopsies were performed at 5 to 7 h after the morning milking and feeding. However, under 
these conditions, only a few changes in mRNA abundance of lipogenic genes in response to 
dietary treatments that induced large variation in milk fat composition were observed, at least 
in cows. As indicated above, among the factors that control the synthesis of milk components 
are an adequate supply of precursors for mammary lipogenesis and a local regulation when milk 
accumulates in the udder (Thiverge et al., 2002). Concerning the adequate supply of precursors, 
although ruminant compared with nonruminant species present a more constant nutrient 
delivery to tissues due to the high retention time of feed particles in the rumen, variation in 
arterial concentrations of the precursors of de novo milk synthesis in sheep throughout the 
feeding cycle is reported (Rémond et al., 2003), with a maximum observed for acetate and 
butyrate (precursors of mammary lipogenesis) from 2 to 5 h after the feed distribution (Rémond 
et al., 2003). Another study in dairy cows reports that the blood and plasma net fluxes of amino 
acid precursors of protein synthesis reached their maximum over the first 8 h after milking 
(Thivierge et al., 2002). Therefore, the effect of changes in nutrient supply over a feeding cycle 
on mammary gene expression cannot be eliminated in explaining discrepancies among studies 
that differ in biopsy time relative to feeding. Additionally, the accumulation of milk in the 
mammary epithelial cells is most likely a major factor that drives gene expression (Wall and 
McFadden, 2010), which requires further exploration, in particular for lipogenesis pathways. 
Indeed, in bovines, reduced frequency of milk removal decreases the expression of genes 
involved in milk synthesis (Littlejohn et al., 2010), suggesting that the regulation of milk 
synthesis and secretion is controlled mostly through local (intramammary) mechanisms. Most 
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likely the filling level of the udder via local regulation by udder distension explained, at least 
in part, the slight variation in gene expression observed in this study (3 of 21 total candidate 
genes). 
Of the 13 common genes studied in the present study and in Bernard et al. (2017), both using 
similar mammary sampling procedure and methodology for the measurement of mRNA 
abundance but that differed for the tissue sampling time relative to milking and feeding, 1 gene 
responded to COS treatment in the present study in both species (INSIG1), whereas no variation 
was observed under similar dietary treatment in Bernard et al. (2017). Comparison of the data 
for similar genes between these studies suggests that mammary sampling at 5 to 7 h after the 
morning milking and feeding, compared with sampling at 16h after the evening milking and 
feeding altered the expression of few genes response to dietary treatment. These differences 
might be related to the mechanisms mentioned above. 
In cows, HPO led to an increase in milk fat content of 13% (and not yield) and milk 16:0 + 18:0 
+ cis-9 18:1 concentrations of 11% (Fougère et al., 2018), but not in goats, without affecting 
mammary mRNAs and enzyme activities, suggested that other mechanisms were involved, such 
as differences in post-absorptive tissue metabolism between these 2 species. However, the lack 
of data on circulating FA in the plasma of these two species under similar dietary conditions 
does not allow confirmation of this hypothesis. 
Pearson correlations performed between the abundance of the 21 mRNAs and the yield (g/d) of 
milk individual FA revealed 10 significant correlations with r > +0.40 or r < -0.40 in goats and 
25 significant correlations in cows (results not presented). Among those in goats, 2 positive 
correlations were observed between SCD5 and the milk desaturation ratios of cis-9 14:1/14:0 
and cis-9,trans-11 18:2/trans-11 18:1, and 3 positive correlations were observed between LPL 
and cis-9,trans-11 CLA, trans-8,cis-10 CLA and 20-3n-6. However, these associations would 
require further investigation. Notably, specifically in cows, the transcription factor SP1 was 
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correlated with the yield of 14 individual FA (g/j) (6:0, 8:0, cis-9 10:1, iso-13:0, iso-14:0, iso-
15:0, iso-16:0, 14:0, trans-9 14:1, anteiso-15:0, anteiso-17:0, cis-7 16:1, 18:3n-3, 24:0) or FA 
sum (C4-C14, <C16) or desaturation ratios, which require further investigation because of the 
role of this transcription factor in a wide range of cellular processes in mammalian cells (Chen 
et al., 2017). 
In cows and goats, COS and MAP decreased <C16 FA expressed in mmol/d/kg BW (although 
the decrease was compensated in goats by an increase in >C16) and INSIG1 mRNA abundance, 
consistent with previous data with ovines fed diets supplemented with lipid encapsulated CLA 
(mixture of cis-9,trans-11 and trans-10,cis-12; Hussein et al., 2013). Collectively, these data 
suggest a role for INSIG1 in the regulation of mammary de novo lipogenesis in ruminants fed 
diets supplemented with PUFA-rich lipids. However, this putative role for INSIG1 was not 
related to on mRNA abundance of de novo lipogenic genes in the present study summarized 
herein.  
In this study, the transcriptional responses of the 21 genes to dietary treatments underlined 
changes in 3 transcription factors suggesting differences of dynamic response between 
transcription factors and their target genes, as shown on plant and eukaryote dynamic genes 
regulatory network (Li et al., 2015). 
The absence of responses to dietary treatments of the activities of lipogenic enzymes measured 
after 5-7 h after morning milking and feeding in cows, despite MFD is in accordance with 
previous data for cows fed sunflower oil plus starch or fish oil lipid supplements, 16 h after 
evening milking and feeding (Bernard et al., 2017) and emphasizes that the variations in milk 
fat secretion observed with these diets are not due to variations in these activities, and therefore, 
other mechanisms are involved. It cannot be ruled out that the absence of response of the 
enzymes activities could also be partly explained by the time of sampling, relative to milking 
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and feeding. Moreover, these potential enzyme activities (as measured in vitro under 
optimal conditions) most likely do not represent the in vivo activity.  
CONCLUSIONS 
This study was intended to examine the expression of mammary lipogenic genes to 
better understand mechanisms involved in differences in responses of milk fat content, milk 
fat yield and composition observed with various lipid supplements in a previous study on 
dairy cows and goats (Fougère et al., 2018). 
Although COS dramatically lowered the milk fat content in cows (-45%; Fougère et al., 2018), 
as did MAP in both species but to a lesser extent (-22% in cows and -15% in goats), whereas 
HPO increased milk fat content in cows (+13%), these effects being less significant for fat 
yields except for COS and MAP (-50% and - 26% respectively) in cows, no variation in 
the mammary mRNAs and/or enzyme activities was observed due to the diets, except 
for 3 transcription factors: PPARα, SP1 and INSIG1, in COS and MAP treatments. This result
could be partly explained by the time of mammary tissue sampling relative to feed 
distribution and milking due to changes in nutrient supply over a feeding cycle and local 
regulation linked to milk accumulation in mammary epithelial cells. Additionally, these 
genes might be regulated at other levels, such as post-transcriptional or post-translational. 
Moreover, probably that differences in rumen and post-absorptive tissue lipid metabolism 
are involved in the observed differences of milk fat synthesis due to diets between species and 
require further investigation. 
Major differences in the abundance of mRNAs encoding for genes involved in mammary lipid 
metabolism were observed between cows and goats, suggesting strong species specificities in 
the lipogenic pathways or their regulation. 
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Table 1. Ingredients and chemical composition of the experimental diets1 
Cows Goats P-value3
Control COS MAP HPO Control COS MAP HPO SEM2 Sp D Sp × D 
Ingredients, % of DM 
   Grassland Hay 45.4 43.6 44.6 45.3 42.9 43.2 43.8 43.6 0.28 0.003 0.296 0.227 
   Concentrate4 54.6 51.4 53.9 51.8 57.1 51.6 54.7 53.4 0.27 0.002 <0.001 0.137 
   Lipid Supplement5 - 5.0 1.5 3.0 - 5.1 1.5 3.0 0.07 0.719 <0.001 0.965 
Chemical composition, % of DM 
   OM 92.2 93.3 91.7 92.0 92.2 93.3 91.7 92.0 0.01 0.773 <0.001 0.955 
   CP 21.0 19.8 22.6 20.1 21.4 19.8 22.7 20.3 0.004 0.037 <0.001 0.223 
   NDF 39.2 33.7 39.0 39.0 38.1 33.5 38.7 38.3 0.13 0.006 <0.001 0.343 
   ADF 21.9b 36.9a 21.8bc 21.9b 21.3c 36.8a 21.6bc 21.5bc 0.06 0.002 <0.001 0.069 
   Starch 19.9 26.1 18.6 17.4 20.8 26.2 18.8 18.0 0.11 0.003 <0.001 0.247 
   Ether extract 1.9 6.7 2.5 4.8 1.9 6.8 2.5 4.8 0.65 0.660 <0.001 0.972 
a-cMeans within a row not sharing a common superscript differ (P < 0.10) due to species by diet interactions.
1Control = basal diet containing no additional oil; COS = basal diet containing corn oil and wheat starch; MAP = basal diet containing marine algae powder;
HPO = basal diet containing hydrogenated palm oil.
2SEM = standard error of the mean. 
3Probability of significant effects due to species (Sp), experimental diet (D), and their interaction (Sp x D).
4Control concentrate (g/kg of DM): corn (532), soy (138), dehydrated alfalfa (275), molasse cane (37), dicalcium phosphate (2), carbonate flour (11), salt (3), 
mineral and vitamin complement (2). 
4COS concentrate (g/kg of DM): wheat (395), corn (394), soy (150), molasse cane (35), dicalcium phosphate (2), carbonate flour (19), salt (3), mineral and 
vitamin complement (2). 
4MAP concentrate (g/kg of DM): corn (518), soy (142), dehydrated alfalfa (283), molasse cane (38), dicalcium phosphate (2), carbonate flour (12), salt (3), 
mineral and vitamin complement (2). 
4HPO concentrate (g/kg of DM): corn (500), soy (147), dehydrated alfalfa (294), molasse cane (39), dicalcium phosphate (2), carbonate flour (13), salt (3), 
mineral and vitamin complement (2). 
5In COS: corn oil (Olvea, Saint Léonard, France) was added to the concentrate at 5% of total DMI and contained (g/kg of total FA): 16:0 (114), 18:0 (16.4), cis-
9 18:1 (297), cis-11 18:1 (6.30), 18:2n-6 (535), 18:3n-3 (7.57), 20:0 (3.48), 22:0 (1.0), 24:0 (1.5), and total FA (1000 g/kg). 
Résultats 
5In MAP: marine algae powder (DSM, Basel, Switzerland) was added to the concentrate at 1.5% of total DMI and contained (g/kg of total FA): 12:0 (1.12), 
14:0 (42.7), 15:0 (1.73), 16:0 (117), cis-9 16:1 (0.88), 17:0 (0.29), 18:0 (2.47), cis-9 18:1 (0.56), cis-11 18:1 (0.55), 18:2n-6 (0.07), 18:3n-3 (0.18), 20:0 (0.17), 
20:3n-6 (2.18), 20:4n-6 (2.62), 22:0 (0.24), 22:5n-3 (2.58), 22:6n-3 (370), cis-15 24:1 (0.25), and total FA (717 g/kg). 
5In HPO: hydrogenated palm oil (Provimi, Crevin, France) was added to the concentrate at 3% of total DMI and contained (g/kg of total FA) : 12:0 (5.09), 14:0 
(12.4), 15:0 (0.51), 16:0 (463), 17:0 (1.26), 18:0 (474), cis-9 18:1 (11.8), cis-11 18:1 (0.71), cis-9, cis-12 18:2 (0.78), 20:0 (3.39), 20:4 n-6 (3.58), and total FA 
(995 g/kg). 
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Table 2. Effect of dietary supplements of corn oil and starch or marine algae powder or hydrogenated palm oil on intake, milk yield, milk composition, energy 
and protein balance in cows and goats1 
Cows Goats P-value3
Item Control COS MAP HPO Control COS MAP HPO SEM² Sp D Sp x D 
DMI, kg/d 22.27
A 18.53B 21.30A 21.31A 2.55C 2.24C 2.47C 2.65C 0.393 <0.001 <0.001 <0.001 
DMI, g/kg of BW per day 32.96 27.12 31.58 31.68 47.21 41.87 46.27 49.15 1.173 <0.001 <0.001 0.471 
Fatty acid intake, g/d 
   14:0 1.2CD 1.0D 14.5A 9.0B 0.1E 0.1E 1.7C 1.1D 0.066 <0.001 <0.001 <0.001 
   16:0 64.2D 151.5B 96.3C 353.3A 7.4G 19.0F 11.2G 43.0E 1.76 <0.001 <0.001 <0.001 
   cis-9 16:1 0.5C 1.2A 0.9B 0.4C 0.06F 0.14D 0.11E 0.05F 0.007 <0.001 <0.001 <0.001 
   18:0 8.3CD 20.0C 9.4CD 307.4A 1.0D 2.7D 1.1D 37.2B 1.43 <0.001 <0.001 <0.001 
   cis-9 18:1 57.3B 311.8A 49.5BC 57.9B 6.8D 38.8C 5.8D 7.4D 1.39 <0.001 <0.001 <0.001 
   cis-11 18:1 2.8B 8.1A 3.3B 2.9B 0.3D 1.0C 0.4D 0.4D 0.041 <0.001 <0.001 <0.001 
   18:2n-6 145.9B 605.3A 120.3B 128.2B 17.2D 75.1C 14.1D 16.3D 2.76 <0.001 <0.001 <0.001 
   18:3n-3 74.4AB 56.6C 84.0A 70.0B 8.2DE 6.8E 9.7D 8.5DE 0.724 <0.001 <0.001 <0.001 
   20:5n-3 ND4 ND 1.1 2.26 ND ND 0.13 0.273 0.469 <0.001 - -
   22:5n-3 2.0B 1.7B 3.0A 1.9B 0.2D 0.2D 0.3C 0.2D 0.021 <0.001 <0.001 <0.001 
   22:6n-3 0.05C 0.5C 115.5A 0.04C 0.01C 0.07C 13.4B 0.01C 0.417 <0.001 <0.001 <0.001 
   Total FA 400.6D 1206.2A 603.4C 995.8B 46.3H 149.9E 70.1G 122.1F 7.26 <0.001 <0.001 <0.001 
Yield 
   Milk, kg/d 27.8 25.0 26.5 27.1 3.1 3.0 2.9 3.0 0.690 <0.001 0.102 0.113 
   Milk, g/d per kg of BW 41.3 36.6 39.4 40.2 56.9 56.2 53.7 54.3 3.11 0.002 0.246 0.231 
   Fat, g/d 944
A 474C 703B 1031A 106D 101D 84D 107D 27.3 <0.001 <0.001 <0.001 
   Fat, g/d/kg of BW 1.40
B 0.69D 1.04C 1.53AB 1.96A 1.90A 1.55B 1.96A 0.10 <0.001 <0.001 <0.001 
  Protein, g/d 864 814 819 819 100 101 96 97 16.5 <0.001 0.433 0.485 
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   Lactose, g/d 1462 1279 1315 1391 153 157 146 148 36.7 <0.001 0.059 0.053 
   Σ <C16, mmol/d/kg of BW 2.25
DE 0.58F 1.93E 2.19DE 4.12A 3.00CD 3.51BC 3.89AB 0,20 <0.001 <0.001 0.004 
   Σ C16, mmol/d/kg of BW 1.62
BD 0.63F 1.12E 1.95AC 2.00AB 1.54CDE 1.57CDE 2.15A 0.11 0.004 <0.001 <0.001 
   Σ >C16, mmol/d/kg of BW 1.76
BC 1.31D 1.17D 1.98BC 2.09B 3.03A 1.43CD 2.14B 0.11 0.001 <0.001 <0.001 
   Σ 18:0 + cis-9 18:1, mmol/d/kg 
of BW 
1,17B 0,706C 0,368C 1,43AB 1,25B 1,77A 0,364C 1,40B 0,070 0.010 <0.001 <0.001 
Concentration, g/100 g 
   Fat 3.39
BC 1.85E 2.64D 3.82A 3.47AB 3.45AB 2.95CD 3.62AB 0.907 0.002 <0.001 <0.001 
   Protein 3.08
B 3.29A 3.12AB 3.03B 3.35AB 3.37AB 3.41AB 3.36AB 0.946 0.086 0.024 0.043 
   Lactose 5.21
A 5.04AB 4.97B 5.15A 4.98AB 5.14AB 5.05AB 5.01AB 0.404 0.448 0.120 <0.001 
Ratio (g/100g of FA) 
   Trans-11,cis-13 CLA/trans-11 
18:1 
0,0007AB 0,0010A 0,0003C 0,0006BC 0,0005BC 0,0003C 0,0004BC 0,0003C 0,0001 <0.001 0,002 <0.001 
Energy balance5, % 95
D 118AB 104CD 98D 105BCD 111ABCD 114ABC 123A 2.78 0.023 <0.001 <0.001 
Protein balance6, % 113
BC 112BC 126AB 104C 126AB 105C 138A 131AB 3.42 0.031 <0.001 <0.001 
A-FMeans within a row not sharing a common superscript differ (P < 0.05) due to species by diet interactions.
1Control = basal diet containing no additional oil; COS = basal diet containing corn oil and wheat starch; MAP = basal diet containing marine algae powder;
HPO = basal diet containing hydrogenated palm oil.
2SEM = standard error of the mean. 
3Probability of significant effects due to species (Sp), experimental diet (D), and their interaction (Sp x D).  
4Non Detected 
5Net energy for lactation balance (MJ/d) calculated according to INRA (2007) and expressed as a percent of estimated requirements. 
6Protein balance (g PDI/d) calculated according to INRA (2007) and expressed as a percent of estimated requirements. 
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Table 3. Messenger RNA relative abundance of genes involved in lipid metabolism in the mammary tissue of cows and goats fed diets supplemented with corn 
oil and starch or marine algae powder or hydrogenated palm oil (arbitrary units determined as the abundance relative to the arithmetic mean of RPLP0, UXT2 
and EIF3k mRNA)1 
Cows Goats P-value3
Pathway and Genes Control COS MAP HPO Control COS MAP HPO SEM² Sp D Sp x D 
Lipid Metabolism 
   ACSL1 1.36 1.19 1.09 1.25 0.529 0.802 0.505 0.547 0.117 0.001 0.528 0.445 
   CD36 1.52 1.56 1.33 1.40 2.19 2.09 2.45 2.25 0.155 0.002 0.991 0.593 
   FABP3 11.85 13.79 10.54 12.36 26.61 26.22 19.97 22.40 1.66 <0.001 0.252 0.708 
   FADS3 0.0050 0.0046 0.0050 0.0050 0.0009 0.0001 9.22-19 1.79-18 0.001 <0.001 0.940 0.959 
   FASN 0.117 0.058 0.065 0.117 0.148 0.166 0.198 0.141 0.014 0.001 0.885 0.125 
   GPAM 0.083 0.071 0.047 0.118 0.558 0.508 0.502 0.530 0.036 <0.001 0.762 0.948 
   LPIN1 0.061 0.026 0.026 0.078 0.201 0.166 0.147 0.178 0.014 <0.001 0.154 0.810 
   LPL 0.028c 0.010c 0.012c 0.012c 0.096ab 0.102ab 0.081b 0.121a 0.009 <0.001 0.129 0.064 
   SCD1 1.40 1.24 0.988 1.30 1.26 1.24 1.22 1.38 0.148 0.845 0.431 0.706 
   SCD5 0.013 0.013 0.018 0.014 0.013 0.012 0.010 0.011 0.001 0.108 0.832 0.199 
   SLC2A1 0.082 0.071 0.078 0.068 0.088 0.084 0.070 0.098 0.006 0.216 0.667 0.262 
Protein metabolism 
   CSN2 126 133 124 215 884 1104 1037 1070 48.9 <0.001 0.515 0.735 
   MFGE8 0.658 0.765 0.451 0.853 1.65 1.10 1.80 1.76 0.169 0.001 0.619 0.353 
   mTOR 0.023 0.018 0.019 0.023 0.025 0.023 0.022 0.021 0.022 0.337 0.353 0.530 
Transcription factor 
   INSIG1 0.165 0.078 0.097 0.213 0.703 0.491 0.445 0.658 0.056 <0.001 0.040 0.645 
   LXR 0.030 0.024 0.031 0.037 0.031 0.020 0.015 0.020 0.026 0.024 0.178 0.130 
   PPAR 0.026 0.015 0.019 0.023 0.013 0.010 0.013 0.010 0.001 <0.001 0.038 0.111 
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   PPARG1 0.083 0.084 0.076 0.088 0.020 0.012 0.012 0.012 0.010 <0.001 0.628 0.620 
   SP1 0.046 0.027 0.038 0.046 0.041 0.033 0.040 0.037 0.002 0.611 0.010 0.248 
   SREBF1 0.033 0.023 0.028 0.042 0.029 0.028 0.030 0.029 0.004 0.632 0.434 0.480 
Inflammation 
   TLR4 0.048 0.037 0.043 0.050 0.052 0.052 0.046 0.055 0.003 0.081 0.299 0.641 
a-cMeans (n=12) within a row not sharing a common superscript differ (P < 0.10) due to species by diet interactions.
1Control = basal diet containing no additional oil; COS = basal diet containing corn oil and wheat starch; MAP = basal diet containing marine algae powder;
HPO = basal diet containing hydrogenated palm oil.
2SEM = standard error of the mean. 
3Probability of significant effects due to species (Sp), experimental diet (D), and their interaction (Sp x D). 
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Table 4. Enzyme activity (nmol/min per milligram of protein) in the mammary tissue of cows fed diets supplemented with corn oil and starch or marine algae 
powder or hydrogenated palm oil1
Diet 
Item Control COS MAP HPO SEM² P-value3
Fatty Acid Synthase 34.68 32.60 25.26 34.80 7.814 0.733 
Malic Enzyme 4.880 4.993 5.173 5.672 0.914 0.896 
Glucose-6-Phosphate Dehydrogenase 50.70 46.56 51.11 53.07 5.529 0.834 
Glycerol-3-Phosphate Dehydrogenase 324.7 297.7 336.4 331.9 55.63 0.943 
1Control = basal diet containing no additional oil; COS = basal diet containing corn oil and wheat starch; MAP = basal diet containing marine algae powder; 
HPO = basal diet containing hydrogenated palm oil. 
2SEM = standard error of the mean. 
3Probability of significant effects due to experimental diet (D). 
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Fish oil or sunflower oil plus starch addition to diets differently modulate lipid classes in 
plasma of lactating cows and goats. 
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Dans le cadre d’une première étude pilote de comparaison directe du métabolisme des lipides 
entre la vache et la chèvre réalisée dans notre laboratoire, les échantillons de plasma ont été 
analysés au début de ma thèse, afin de répondre aux objectifs suivants : 
 Déterminer les concentrations des classes de lipides dans le plasma de vaches et chèvres
recevant des régimes supplémentés en huile de tournesol et amidon ou en huile de
poisson, ces régimes ayant des effets marqués et différents sur la MGL selon l’espèce.
 Déterminer la composition en AG des deux classes de lipides captées par la GM : les
TG et les AGL.
 Relier les effets des régimes sur les fractions TG et AGL et leur composition en AG,
aux variations de sécrétions de la MGL.
3 Régimes :  
CTL : non supplémenté en lipide (Contrôle) 
SOS : 9% Huile de Tournesol (riche en C18:2 n-6) + Amidon (+35% par rapport au CTL)       
FO : 3,6% Huile de Poisson (riche en EPA et DHA) 
 La teneur totale en lipides plasmatiques est plus élevée chez la vache (+46 % avec le
régime CTL), par rapport à la chèvre.
 La concentration en TG est plus élevée chez la chèvre (+193%, avec le régime CTL)
que chez la vache.
 Chez la vache, le régime FO conduit à une diminution des TG.
 Chez la chèvre, le régime SOS conduit à une augmentation des AGL.
OBJECTIFS 
DEMARCHE EXPERIMENTALE 
12 vaches 
15 chèvres 
Même stade de lactation, non gestantes  2 Carrés Latins 3x3 conduits 
simultanément (1 par espèce)  
PRINCIPAUX RESULTATS 
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Table. Variation des classes de lipides plasmatiques (mg/dL) en réponse aux régimes supplémentés en 
lipides chez la vache et la chèvre laitières. 
% par rapport au 
CTL 
Vaches Chèvres P-value1 
FO2 SOS FO SOS 
Espèce 
(Es) 
Régime 
(R) 
Es x R 
Lipides totaux3 +27% = +27% +24% <0.001 <0.001 0.098 
EC4 +27% = +38% +26% <0.001 <0.001 0.139 
PL5 +31% = = = <0.001 0.060 0.434 
Chol6 +26% = +51% +47% <0.001 <0.001 0.016 
TG -24% = = = <0.001 0.058 0.025 
AGL = = = +72% 0.368 0.009 0.609 
1 Les effets Espèce (Es), Régime (R) et interaction Es x R ont été statistiquement analysés par ANOVA en utilisant la PROC MIXED de SAS 
(SAS inc. 9.4), avec l’animal dans le groupe comme effet aléatoire.  
2 FO : huile de poisson, SOS : Huile de tournesol plus amidon. 
3 Somme des esters de cholestérol, phospholipides, cholestérol, triglycérides, et acides gras libres (AGL). 
4 Esters de cholestérol ; 5 Phospholipides ; 6 Cholestérol 
 Cette étude rapporte, pour la première fois, des données originales sur les classes de
lipides du plasma et leur composition chez 2 espèces de ruminants recevant des régimes
similaires (et proches de ceux utilisé dans la Publication 1).
 Ces données permettront de mieux interpréter les différences de réponse des espèces
aux régimes supplémentés en lipides.
Une partie de ces résultats a fait l’objet d’une présentation à un congrès (Annexe 3). 
CONCLUSIONS 
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ABSTRACT 
The ruminant milk fat concentration and composition is one determinant of milk quality that 
can be easily modulated by lipid supplementation to diets. Indeed, the nature of fatty acids (FA) 
and their uptake by mammary gland (MG) from circulating triglycerides (TG) and free fatty 
acids (FFA), depends of post-absorptive regulation of ingested lipids and their transport in the 
plasma. In the present study, we hypothesized that differences in plasma lipid content and 
composition could be related to the differences of responses of cows and goats fed diets that 
induced milk fat depression (MFD) in cows and not, or in lesser extent, in goats. Four cows and 
5 goats were allocated to 3 groups fed either a diet without additional lipids (control), or 
supplemented with fish oil (FO), or with sunflower oil and starch (SOS), according to 3x3 Latin 
square design including 26d of experimental periods. Total lipids were extracted from plasma 
collected at the end of each period, and lipid cholesterol esters (CE), triglycerides (TG), free 
fatty acids (FFA), cholesterol (Chol) and phospholipids (PL) were separated and quantified by 
high performance thin layer chromatography (HP-TLC), and TG and FFA classes were 
analysed for their content in FA. The plasma TG concentration was 193 % higher in goats 
compared to cows, whereas no difference was observed for FFA among species. Whatever 
species, the FO increased CE (+ 31%, P < 0.01) and Chol (+ 33.7 %, P < 0.001) compared to 
control. TG concentration was differently regulated by FO between cows (-23.5 %, P < 0.05) 
and goats (no significant change). In goats, SOS diet increased CE (+ 25.7 %, P < 0.05), Chol 
(+ 46.7 %, P < 0.001) and FFA (+ 71.7 %, P < 0.05) compared to control, whereas no changes 
were observed in cows. The FO increased the sum of trans-C18:1 isomers in TG in cows (x 
2.5) and goats (x 4.3), whereas the sum of PUFA n-3 was increased by 1.3 and 4 in TG in cows 
and goats, respectively, with similar effects observed for FFA. The SOS strongly increased the 
trans10-C18:1 (x 16.8) in TG fraction in cows compared to control and to a lesser extent in 
FFA in cows and TG and FFA fractions in goats, whereas trans10,cis12-CLA was only detected 
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in FFA in goats and not modulated by diet. Taken together, these data informative on the 
intermediary metabolism contribute to a better understanding of the differences of regulation 
of milk fat secretion responses to lipid supplements in cows and goats. 
Key words : cow, goat, plasma lipid classes, milk fat depression 
INTRODUCTION 
In the literature, a great number of studies reported large effects of diet, in particular lipid 
supplementation, on the ruminant milk FA composition (Chilliard et al., 2007, Bernard et al., 
2018). In particular, the nature of these lipid supplements were studied for their capacity to increase 
the content in milk PUFA like omega 3 or CLA, known for their beneficial effects on the human 
health (Legrand et al., 2010). 
Furthermore, the lipid supplements rich in linoleic acid associated to high starch content in diets 
or in marine lipids containing omega 3 long-chain polyunsaturated FA (LCPUFA), were shown to 
induce a decrease in milk fat content and yield, commonly named milk fat depression (MFD) that 
should be harmful in terms of commercial value of the milk (Bauman and Griinari, 2001). Then, 
the dilemma remains to improve the quality of the composition of the milk while maintaining a 
sufficient rate of fat yield, which implies to better understand the mechanisms underlying milk fat 
synthesis and their regulation by nutritional factors. In the same time and for some animal breeding 
situations like food shortage, MFD could be beneficial for saving of nutriments towards other 
metabolic pathways (Ferlay et al., 2013).  
Many studies performed in dairy cows showed that biohydrogenation intermediates and 
particularly trans10,cis12-CLA were able to cause the inhibition of milk fat synthesis by mammary 
gland (MG) (Shingfield et al., 2010, Bauman et al., 2011). However, the goat was shown to be not 
or less sensitive than the cow to diet-induced MFD (Chilliard et al., 2003, Chilliard et al., 2014). 
A recent direct comparison between cows and goats fed with similar diets, showed that whose 
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inducing MFD in the cow did not induce, or to a lesser extent, MFD in the goat (Toral et al., 2015). 
The results of this study revealed also some differences in milk FA composition suggesting 
differences in the regulation of lipid synthesis by the rumen (Toral et al., 2016) and MG (Bernard 
et al., 2017). In the MG, FA mainly esterified on milk TG, have of both origin de novo synthesis 
by mammary epithelial cells (40%) and blood uptake (60%) under the form of free FA (FFA) or 
triglycerides (TG) (Chilliard et al., 2000) packed into chylomicrons (CM) and very low density 
lipoproteins (VLDL) and hydrolysed by the lipoprotein lipase (LPL) (Palmquist, 1976). Thus, 
differences among species in the preferred form of transport of FA, and consequently of mammary 
uptake, in particular those which could exert an anti-lipogenic effect as the trans10,cis12-CLA, 
could explain differences in response of milk fat yield.  
Therefore, our hypothesis was that circulating plasma lipid fraction under the form of TG and 
NEFA and their FA composition differ among species and would vary with source of dietary lipids. 
For this purpose, the plasma lipid from goats and cows, fed with diets supplemented with 
sunflower oil and starch or fish oil, that were conducted in an original direct inter-species 
comparison experiment (Toral et al., 2015), were analysed by using high performance - thin layer 
chromatography (HP-TLC). This methodology allowed to perform TLC, a robust methodology 
for lipid separation and analysis, in automated and reproducible conditions, which constitutes an 
original part of present study. Moreover, it was the fourth part of the same direct comparison 
experiment examining the animal performances and milk fatty acid responses (Toral et al., 2015), 
as a result of the regulation of lipid metabolism in the rumen (Toral et al., 2016) and mammary 
gland (Bernard et al., 2017). 
MATERIALS AND METHODS 
Animals, Experimental Design, Diets and Management 
The experimental design was previously described in Toral et al (2015). Briefly, 12 Holstein 
cows and 15 Alpine goats, all multiparous, non-pregnant, at a similar lactation stage (67 ± 6.5 and 
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73 ± 1.4 DIM, respectively), were allocated to 3 groups (of 4 and 5 animals each for cows and 
goats, respectively) to test the effect of 3 dietary treatments lasting 28d by using replicated 3x3 
Latin square designs. Unfortunately, one goat had to be withdrawn from the experiment because 
it suffered diarrhea. All animals were offered a diet based on 40% grass hay and 60% concentrate 
not supplemented in lipid (control), or supplemented with fish oil (FO, 3.6% DM), or with 
sunflower oil (SOS, 9% DM). The concentrate was composed by corn grain (54.7-54.9 % DM), 
pelleted dehydrated alfalfa (25.7.4-29.4 % DM), soybean meal (14.3-14.4 % DM) and mineral and 
vitamin premix (1.4-1.6 % DM). Lipid supplements replaced alfalfa pellets. For SOS that was also 
supplemented with starch, the concentrate was modified by replacing pelleted dehydrated alfalfa 
by flattened wheat grain (37.4 % DM) and by reducing cracked corn grain to 37.7 % DM. The 
detailed chemical composition of concentrates of the three dietary treatments has been previously 
described in Toral et al. (2015). Experimental diets were formulated to be isoproteic (139g CP/kg 
of DM), and the mean NDF concentrations were 349, 325 and 296 g.kg-1 DM, for control, FO and 
SOS, respectively. Daily intake in total DMI, starch and FA in cows and goats fed control, FO and 
SOS diets are reported in Table 1. Hay refusals were daily weighed and used to individually adjust 
the amounts of concentrate distributed the following day, to maintain the 40:60 (on a DM basis) 
forage to concentrate ratio. Diets were offered in two equal rations at 0830 and 1600 h and animals 
had free access to water. Animals were milked each day at 0800 and 1530 h. All procedures 
involving animals were realized in the spring 2012, and were approved by the Animal Care 
Committee of INRA in accordance with the guidelines established by the European Union 
Directive 2010/63/EU. 
Chemicals and standards 
Acetic acid (33209, Honeywell, Seelze, Germany); Acetone (20-066.321, Grosseron, Coueron, 
France); BF3/Methanol, Boron-trifluoride methanol 14% (B1252-500, Sigma-Merck, Darmstadt, 
Germany); BHT, di-ter-butyl-2,6-méthyl-4-phénol (B1378 Sigma-Merck, Darmstadt, Germany); 
Hydrochloric acid, HCl, (20252.290,  Grosseron, Coueron, France); Chloroform, CHCl₃, reag. 
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ISO, reag. Ph. Eur., 99.0-99.4% (GC) (32211 Sigma-Merck, Darmstadt, Germany); Copper 
sulphate, CuSO4, 5 H2O ≥98.0% (209198 Sigma-Merck, Darmstadt, Germany); Dichloromethane, 
for HPLC >99.8% (34856, Sigma-Merck, Darmstadt, Germany); Diethyl ether, ≥99% (309966 
Honeywell, Seelze, Germany); Heptane, anhydrous, 99% (246654 Sigma-Merck, Darmstadt, 
Germany); Methanol, CH3OH, CHROMASOLV®, for HPLC, ≥99.9% (34860 Sigma-Merck, 
Darmstadt, Germany); Primuline, Dye content 50 % (206865, Sigma-Merck, Darmstadt, 
Germany); Sodium bicarbonate 99.5% (S5761, Sigma-Merck, Darmstadt, Germany); Sodium 
chloride, NaCl (B1378 Sigma-Merck, Darmstadt, Germany); Sodium methoxide solution, 
CH3ONa, 25 wt. % in methanol (156256,  Sigma-Merck, Darmstadt, Germany); Sodium sulphate, 
anhydrous Na₂SO₄ (31481, Riedel-de Haën , Honeywell, Seelze, Germany); Sulphuric acid, 
H2SO4, 96% RPE-ISO-For analysis (410301, Carlo Erba Reagents S.A.S, Val de Reuil, France); 
Toluene > 99,5% (179418, Sigma-Merck, Darmstadt, Germany); Working solutions of lipid 
classes: cholesteryl pentadecanoate, CE (NCP-CH814, Nu-Chek Prep, MN56028, USA) was 
prepared at 3 mg.mL-1 in CHCl₃; trioleate, FFA (92860, Sigma-Merck, Darmstadt, Germany) was 
prepared at 50 mg.mL-1 in hexane (34859 Honeywell, Seelze, Germany); tricosanoic acid, TG 
(NCP-N23A, Nu-Chek Prep, MN56028, USA) was prepared at 3 mg.mL-1 in CHCl₃; cholesterol, 
Chol (C8667, Sigma-Merck, Darmstadt, Germany) was prepared at 3 mg.mL-1 in CHCl₃; 1,2-
Dioleoyl-sn-glycero-3-phosphocholine, PL (P6354 Sigma-Merck, Darmstadt, Germany) was 
prepared at 3 mg.mL-1 in CHCl₃. 
Plasma Sampling and Lipid Extraction 
After milking and before morning feeding, blood samples (10 mL) were collected from the 
jugular vein in evacuated collection tubes containing EDTA (BD vacutainer, Plymouth, UK) on 
d26 of each experimental period. Plasma recovered after centrifugation (1,500g, 15 min, +4°C) 
was stored at -80°C. Plasma samples were slowly thawed at +4°C before total lipid extraction in 
double (2 x 500 µL) for each sample by a Folch et al. (1957) procedure modified as follow: to 500 
µL of plasma were added 6 mL of CHCl₃/CH3OH (1/1, vol/vol, 0.005% BHT), and the mix was 
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vortexed and centrifuged (1100 g, 10 min, 10 °C). The upper phase was taken and 3 mL of CHCl3 
and 1.8 mL of acidic NaCl (17 mM) were added. After another vortex and centrifugation cycle, 
total lipids were recovered in the lower organic phase, transferred and pooled into a unique clean 
tube, then dried on Na₂SO₄ before chloroform evaporation under nitrogen flow. Lipids were taken 
up in 200 μl of chloroform, transfer into 2 mL vials with 0.2 mL glass integrated inserts, closed 
with PTFE/silicone septa in caps (Chromoptic SAS, Courtaboeuf, France), and conserved at -20 
°C before lipid class analysis.  
Separation and Quantification of Plasma Lipid Classes by HP-TLC 
Cholesterol esters (CE), triglycerides (TG), free fatty acids (FFA), cholesterol (Chol) and polar 
lipids (PL) were separated in the total lipid extracts from plasma of goats and cows using high 
performance - thin layer chromatography (HP-TLC, Camag, Switzerland). 
30 mL of the working solutions of CE, TG, FFA, Chol and PL were prepared in CHCl₃ at 0.5, 0.2, 
0.2, 0.2, and 0.1 mg.mL-1 for CE, FFA, TG, Chol and PL, respectively and aliquoted by 1 mL into 
glass vials screw top of 2 mL and stored at -20°C before TLC application. A new vial of calibration 
standard was used for each HP-TLC plate. 
Standard calibrators and samples were applied as spray bands of 6 mm length on each silica gel 60 
F254 plates of 20x10 cm (Merck, Darmstadt, Germany) using an automatic TLC sampler (ATS4, 
Camag, Switzerland). The ATS4 was programmed to apply 1.5, 2.5, 3.5, 4.5 and 9 µg of CE, 0.4, 
0.8, 1.2, 1.6, ad 2 µg of FFA, 0.2, 0.4, 0.8, 1.2, and 1.6 µg of TG, 0.8, 1, 1.4, 1.8, and 3.6 µg of 
Chol, and 4, 8, 12 16 and 32 µg of PL, and the lipid extracted from the experimental plasma 
samples were applied in two depots of 1 and 6 µL. Twenty-six plates were used to analyse the 78 
samples corresponding to the 12 cows x 3 periods and the 14 goats x 3 periods, with random 
distribution of goats or cows samples from the three experimental diets (control, FO and SOS) 
across the plates. The chromatographic step was performed in ADC2 (Camag, Switzerland), and 
included both a short pre-drying, and the tank saturation and development in heptane/diethyl 
ether/acetic acid (80:20:1.5, v/v/v), under controlled humidity (35.5 ± 0.35%, n 27) and 
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temperature (21.5 ± 1.05 °C, n 27) conditions. Thereafter, a destructive derivatization mode was 
implemented, heating to 140°C after immersion of plates in 10% CuSO4 in methanol/H2SO4 (98:2, 
v/v). The bands were detected under white light using a TLC Visualizer (Camag, Switzerland), 
and photos were analysed using the VideoScan software (Camag, Switzerland). The results of PL, 
Chol, FFA, TG and CE concentrations were calculated against their respective standard curves by 
using the area of each integrated surface, obtained in µg/µL of lipid extract and converted to mg/dL 
of plasma. 
Preparation of TG and FFA classes by HP-TLC for FA composition determined by gaz 
chromatography (GC) 
In order to have enough materials to analyse the FA composition of TG and FFA classes 
of plasma lipids, six mean plasma samples (3 per species) were made up, one for each of the 3 
dietary treatments using 130 µL of the 14 goat plasma samples or 140 µL of the 12 cow plasma 
samples. The total lipid extraction was performed in triplicate (3 x 500 µL) for each of the 6 mean 
samples, as previously described, and taken up in 300µL of chloroform , then applied on ATS4 
for lipid classes separation by HP-TLC. Each plate comprised a mix of the five standard solutions 
(CE, TG, FFA, Chol and PL) prepared as described above, for lipid identification. After the 
development, performed as previously described, the plates were derivatizated by non-destructive 
method using primuline (0.05% in acetone/water, 80/20, v/v), and bands were visualized at 366 
nm. Those corresponding to FFA and TG classes were scraped off and transferred into 20 mL glass 
tubes. The 6 mean experimental samples with FFA and a positive control were extracted by 2x2 
mL of dichloromethane. The organic phases were added and washed with distilled water (H2Od), 
dried on Na₂SO₄, and evaporated under nitrogen flow. The 6 mean experimental samples with TG 
and a positive control were extracted by adding 1 mL of methanol, 2 mL of hexane and 1 mL of 
NaCl (5% in H2Od), vortex and centrifuging (1100g, 10 min, 10°C). The upper phase was collected 
and added to the phase collected after a second extraction step, and the both were dried on Na2SO4 
before evaporation under nitrogen flow. Dry FFA and TG classes were taken up in 100µL of 
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toluene before FAMEs (fatty acid methyl esters) preparation. The methylation of FA was 
performed using successively based- and acid-catalysed transesterifications. Briefly, CH3ONa was 
added, incubated at room temperature, and FA were doubly extracted in hexane after neutralization 
with HCl 3N in CH3OH, and washing with H2Od. The pooled hexane fractions were evaporated 
under nitrogen flow, and a second methylation step was performed with BF3/Methanol incubated 
during 20 min at room temperature. FAMEs were recovered by double extraction in hexane after 
sodium bicarbonate (6.7% in H2Od) addition. The FAMEs were dried on Na2SO4, evaporated 
under nitrogen flow and taken up in hexane. Their separation and analysis was performed by GC 
using a Périchrom 2100 equipped with a flame-ionization detector (Périchrom, Saulx-les-
Chartreux, France) and 100 m fused silica capillary column (CP-SIL88; Chrompack 7489, 
Middelburg, The Netherlands) with H2 as fuel and gas carrier. FAMEs from FFA or TG  were 
injected using an autosampler (HT300A, HTA s.r.l., Brescia, Italy) at 235 °C in splitless mode, 
and FAME were separated under constant pressure (130 kPa) with a gradient of temperature from 
70 to 215 °C, containing two stages: 175 °C during 25 min, and 215 °C during 42 min, and the 
detection step by the FID at 250 °C. Fatty acids (FA) were identified based on retention times 
comparisons with mixtures of FAME (Supelco 37, 18919-1AMP, Supelco, Bellefonte, USA; 
NCP#603, Nu Check Prep Inc, Elysian, MN), C25:0 (Sigma, Steinheim, Germany), and branched-
chain FA iso- and anteiso- from a homemade mixture of commercial standards (Sigma, Steinheim, 
Germany; Matreya State College, USA; Larodan, Solna, Sweeden). 
Statistical analysis 
The data were analysed by ANOVA for 3 x 3 Latin square designs using the MIXED 
procedure of SAS 9.4 Institute Inc. (Ins, 1988). The statistical model included dietary treatment 
(D), species (S) and the interaction dietary treatment (D) x species (S) as fixed effects, and animals 
in groups as random effect. All the variables were log-transformed, and the LS-means were 
analysed using least square differences (LSD) method of with the PDIFF option, differences being 
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declared significant for p < 0.05 or tended to be different for p < 0.1. The proc CORR of SAS 
(SAS 9.4, SAS Institute Inc., Cary, NC) was used for correlation analyses. 
RESULTS 
Response of Plasma Lipid Classes to Dietary Treatments in Cows and Goats 
The effects of the treatments on the plasma lipid class concentrations are reported in Table 2. 
In both species, the more abundant plasma lipid classes were CE, PL and Chol, and for control 
treatment, their concentrations were significantly higher in cows (+ 37 % (P < 0.001), + 26 % (P 
< 0.05) and + 54.4 % (P < 0.001), respectively) than in goats. By contrast, TG concentration was 
193 % higher (P < 0.001) in goats compared to cows, and no difference among species was 
observed for FFAs. Whatever the species and relative to control, FO significantly increased 
concentrations of CE (+31 %, P < 0.01), and Chol (+ 33.7 %, P < 0.001), whereas FFAs were not 
affected. Compared to the control, FO increased the concentration of PL (+ 31.4 %, P < 0.05) and 
decreased the TG concentration (- 23.5 %, P < 0.05) in cows, whereas no effect was observed on 
both of them in goats. Relative to the control, SOS increased CE, Chol and FFA concentrations by 
25.7 % (P < 0.05), 46.7 % (P < 0.001) and by 71.7% (P < 0.05), respectively in goat plasma. 
Consequently, the total lipid concentrations were similarly increased by FO and SOS compared to 
control for goats (+ 26.6 % and + 23.9 %, respectively, P < 0.001), whereas for cows, the sum of 
lipids was only increased by FO diet (+ 26.7 %, P < 0.001). 
Composition in FA of TG and FFA plasma classes 
TG and FFA composition in FA are reported in Tables 3 and 4 and are expressed in percent of 
total FA. In the absence of statistical analysis, the comparisons were made in number of times 
increase between two values, and we choose arbitrary to consider as consequent the factors that 
were ≥ 2.  
For plasma TG of cows and goats fed on control diet, SFA represented the most abundant family 
among total FA with 58.4 and 63.7%, respectively (results not shown). For both species, the stearic 
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acid was the most important FA followed by palmitic acid, and their sum represented 90% of SFA 
in TG (Table 3). The oleic acid was the third most important FA and represented 32.8 and 49.1% 
of MUFA in TG of cows and goats, respectively. The C18:2n-6 was at the 4th position in the FA 
composition of the TG class of cows and goats, with 6 and 3.2% of total FA, respectively. 
Thereafter, a mix of 9,12,15-C18:3 isomers that co-eluated with trans6-8-C20:1 represented 5.6% 
% of total FA in TG of cows, whereas 9,12,15-C18:3 isomers in goat’s TG represented only 1.1% 
of total FA and was, by order of importance, after trans10+11-C18:1 (at 3.4 %) or cis11-C16:1 (at 
1.47%). 
For plasma FFAs, on the control diet, as observed for TG, SFA was the most represented family 
(data not shown) with 53.0 and 54.9% for cows and goats, respectively, both representing 85.5 % 
of SFA in FFA (Table 4). Oleic acid was however as important as the C16:0 in FFAs of goats, 
whereas it arrived in third position for the same class in cows. The C18:2n-6 was at the fifth 
position, whereas the fourth position was occupied by a mix of 9,12,15-C18:3 isomers that co-
eluted with trans6-8-C20:1 for the cows, and by the cis15-C18:1 that co-eluted with C19:0 for the 
goats. When TG and FFA classes were compared, the sum of long SFAs (C16:0 – C25:0) was 
about twice as more abundant in TG compared to FFAs in both species. 
Addition of FO to the diet induced changes in the FA composition of TG and FFA (Tables 3 
and 4, respectively). In TG, C18:0 was 2 and 5.4 times reduced and the sum of trans-C18:1 was 
increased 2.5 and 4.3 times for cows and goats fed FO compared to control, respectively. The same 
modulations for FO, but to a lesser extent, were observed in FFAs with increases by 1.8 and 3.4 
times of the trans-C18:1 in cows and goats, respectively. In TG class of goats fed FO, the 
trans10+11-C18:1 was 5.6 times increased compared to control, and that should be mainly due to 
increase in trans11-C18:1. In TG of cows fed FO diet, the trans11-C18:1 was 3.5 times increased 
and the trans9+10-C18:1 was 6.8 times increased, when compared to control. Moreover, and for 
cows, the main increases were observed for trans10-C18:1 (x 3.8, compared to control) and for 
trans11-C18:1 (x 2.8, compared to control), whereas for goats trans11-C18:1 was 4.95 times 
78
Résultats 
increased and trans10-C18:1 was 2 times increased in FFA by FO and compared to control. The 
sum of n-3 PUFAs was increased by 1.35 and 1.3 times compared to control in TG and FFA of 
cows fed FO diets, respectively, and increased 3.95 and 1.7 times compared to control in TG and 
FFA of goats fed FO diets, respectively. These increases were mainly due to C20:5n-3, C22:6n-3 
and C22-5n-3. 
The SOS diet modified the composition in FA composition of TG or FFA classes of cows and 
goats, but rather some MUFAs than the SFA or their sum. In TG of cows, the sum of trans-C18:1 
isomers was increased 2.4 times by SOS diet compared to control with, in descending order of 
importance, the trans10 (x 16.8), trans6-8 (x 3.5), and trans12 (x 2.6, that co-eluted with cis6-
C18:1). In TG of goats, the increase in trans-C18:1 isomers due to SOS concerned the same 
isomers compared to the cow, but were more difficult to quantify due to co-elutions and the effects 
that were less important (Table 3). In the FFA of cows, SOS caused increases of the same isomers, 
when compared to control, but to a lesser extent, with trans9+10-C18:1 (5 times increased) and 
trans6-8-C18:1(3 times increased). In FFA of goats, the trans10 and trans9-C18:1 isomers were 
increased by 7.3 and 2.5 times, respectively of SOS compared to control (Table 4). To finish, the 
cis9,trans11-CLA was decreased by around 2 only in goats fed SOS in both TG and FFA classes 
(Tables 4 and 5).  
DISCUSSION 
The present study aimed at completing the understanding of dairy cows and goats specificities 
of responses to the nutritional regulation of milk fat secretion. This study is the fourth part of a 
direct comparison experiment on the two species that focused on content and composition of 
plasma lipid classes in order to relate the milk fat yield response to changes in the profile of FA 
circulating in blood plasma, under the form of TG and FFA. The HP-TLC methodology used in 
the present paper for both the separation and quantification of lipid classes as well as the 
preparation of TG and FFA for the analysis is the first reported in the literature. This methodology 
allowed us to visualize and quantify accurately the different classes of simple lipids present in the 
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plasma, from a proven separation technique (Christie, 2003), and to subsequently analyse the 
composition in FA of TG and FFA, the 2 classes of interest for mammary lipid metabolism study. 
However, some improvements should be done, especially in terms of optimization of quantities 
deposited on TLC plates for further analysis of different classes of lipids by GC. Indeed, due to 
shortage in sample volumes, the effects of the dietary treatments on FA composition of plasma TG 
and FFA were assessed in one mean sample per treatment and species rather than in a single sample 
per individual and treatment. These data on plasma lipid fatty acid composition in two ruminant 
species are nevertheless presented in this study because they are rare and could explain, at least in 
part, the differences in milk fat secretion responses to certain lipid supplements in the cow and the 
goat.  
Species-specificities on the control Diet 
In both species, data from HP-TLC methodology are in accordance with what has been 
previously published in post-partum cows (Raphael et al., 1973), with cholesterol esters and 
phospholipids representing approximately 90% of total plasma lipids, free cholesterol 8%, and T 
1-2% with a CE/Chol ratio of 6-7, when lipid class concentrations were determined by infrared
absorption spectroscopy. Direct comparison of the composition of plasma lipid classes in lactating 
cows and goats fed the same control diet provided clear evidence of species differences among 
classes. First, a higher TG concentration in plasma of goats than cows was observed, TG 
representing 7% of total plasma lipids compared to 1.6% in cows. This between-species difference 
in TG concentration could explain, at least in part, the higher activity in LPL measured in cows 
compared to goats in the same experiment (Toral et al., 2015). Indeed, the lower availability in 
plasma TG could decrease the need for migration of mammary LPL towards basal membrane for 
uptake by MG, and then increase the flow of LPL towards the apical membrane and milk in cows, 
by contrast to goat (Chilliard et al., 2014). In ruminants, the plasma TG concentration in lipids is 
from intestinal rather than hepatic origin (Grummer, 1993) even if the liver seems to conserve the 
capacity to synthesize TG packed into VLDL in mid-lactation (Gross et al., 2015), and depends 
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on the physiological state of animals with concentrations being higher in dry-pregnant than in 
lactating ruminants, and at the end than at the beginning of lactation (Bennis et al., 1992, Cuvelier 
et al., 2005). Moreover, differences in the capacity to synthesize CM and VLDL, or in turnover of 
these TG-rich lipoproteins in the plasma, should explain the higher plasma TG concentration in 
goats compared to cows. Only few differences were observed in the composition in the main FA 
constituting TG and FFA and that did not differ among species. These compositions are in 
accordance with data published in lactating cows (Sterk et al., 2012, Halmemies-Beauchet-Filleau 
et al., 2013, Bainbridge and Kraft, 2016), whereas no data so far was available in dairy goats. 
Responses to FO diet 
Supplements of FO at 3.6% of DM into the diet increased the Chol and CE in both species, 
which is in accordance with the increase in plasma total cholesterol of male cannulated goats 
infused with 5g/d of DHA oil (Lv et al., 2016), or with the increase of CE associated to the VLDL 
in dairy cows (183 DIM) supplemented with 1.9-2.2% of DMI of fish oil (Offer et al., 2001). In 
these two studies, the increase in cholesterol was associated to increase in plasma TG 
concentration, which was not the case in our study that showed an absence of regulation of TG by 
FO in goats, whereas it was decreased in cows. The TG was the only plasma class differently 
regulated between cows and goats by FO in present study. This difference should come from a 
better capacity of goats to esterify FA on TG secreted in both CM and VLDL lipoproteins, whereas 
in the cows, the supplemented digested lipids could be rather esterified on PL or CE in the same 
lipoproteins. The absence of significant response of milk fat yield to addition of FO in goats, 
whereas it was significantly decreased in cows (Toral et al, 2015), could be related to the species 
specific response with a down-regulation of circulating TG by FO in cows that could contribute to 
MFD in this species. 
The impact of dietary FO on FA composition of both TG and FFA are in accordance with 
the effects observed on milk FA composition by Toral et al. (2015) in the same experiment, in 
particular for long-chain FA. The FO diet supplied C20:5n-3 (EPA), C22:6n-3 (DHA) and C22:5n-
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3 (DPA) and increased these FA on both the plasma FFA and TG classes for both species, in line 
with a subsequent increase of their abundances in milk. This suggests that these dietary FA were 
recovered in sufficient concentration in plasma to be then uptaken by MG either by passive 
diffusion from FFA or by action of the LPL on TG of circulating VLDL and CM. Moreover, it is 
probable that the largest part of these n-3 PUFA that are partially biohydrogenated in the rumen, 
were mostly esterified on the CE and PL, as previously shown by Offer et al. (2001) and Stamey 
Lanier et al. (2013). In present experiment, that could be particularly true for EPA and DHA for 
which the rates of transfer into the milk were shown to be low (3.2 and 4.7%, respectively) by 
Toral et al. (2015), and that were also detected in CE and PL classes, particularly for FO (data not 
shown). By contrast, the high apparent rate of transfer of DPA (24.5%) into the milk, as previously 
determined for present experiment (Toral et al. 2015) and the fact that it was not detected in other 
plasma classes (e.g. CE or PL, data not shown), suggest that DPA that escapes RBH could be 
almost totally uptake by MG. The ingestion of long chain PUFA led to the inhibition of the last 
step of RBH thus leading to an accumulation of trans-C18:1 isomers and particularly the trans11 
isomer in the rumen for both species with the trans10 isomer more importantly increased in cows 
(x 2) compared to goats (Toral et al., 2016). In the same way, the increase in trans10 isomer was 
1.9 times more important for cows than goats in plasma FFA for present study, and 4 times more 
important for cows compared to goat fed FO in milk (Toral et al., 2015). Unfortunately, the trans9 
and 10-C18:1 isomers were not fully separated in TG, and probably due to high increase in trans10 
in cows. In the same way, the trans10 and 11-C18:1 isomers co-eluted for goats in a peak that was 
as abundant as C16:0, the major FA of TG, suggesting a considerable increase in trans11-C18:1 
isomer due to FO in goats. Similar changes were observed in FFA, but with less difference between 
control and FO diets. These results suggest that TG should be the preferential plasma vehicle for 
intermediate metabolites of RBH, such as the trans11-C18:1 whose higher content in TG 
combined to higher concentration in TG for goats compared to cows, suggests a higher availability 
of this FA for MG uptake in the goat. This hypothesis is in line with the reported higher capacity 
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of goats to increase milk trans-11-C18:1 and cis9,trans11-CLA (Chilliard et al., 2007) with the 
latter coming from ruminal synthesis from BH of dietary unsaturated FA and the mammary gland 
synthesis from desaturation of trans11-C18:1. The sum of trans-C18:1 isomers was similarly 
increased by FO compared to control in plasma FFA+TG (x 3.95) and in milk (x 3.7) for goats, 
whereas it was 2 times more up-regulated in milk (x 4.3) than in plasma TG+FFA (x 2.16) for 
cows. These data suggest differences in FA uptake of FFA and TG by MG. Nevertheless in cows, 
FO enhanced milk fat cis9,trans11-CLA content in response to increased supply of trans11-C18:1 
that arises from an inhibition of trans-C18:1 reduction in the rumen (Shingfield et al., 2003).  
Responses to SOS diet 
The inclusion of sunflower oil into the diets in present study supplied 2.17 g/d/kg BW and 2.66 
g/d/kg BW of total FA for cows and goats, respectively, which was respectively 1.6 and 1.7 times 
more than inclusion of FO into the diet and around 2.8 to 3 times more than control diet. However, 
only the plasma FFA concentration of both species increased in response to SOS. Furthermore, 
high lipid diets increase post-prandial plasma FFA in mid-lactation cows in positive balance, due 
to the partial release of FFA coming from LPL activity on plasma TG in the MG (Gagliostro and 
Chilliard, 1991). Thus a high turnover of plama TG arising from dietary lipid absorption could 
increase FFA rather than TG. 
The FFA concentrations of plasma samples determined in the present study by using HP-TLC 
with densitometry analysis, had been previously quantified using enzymatic determination (Wako 
NEFA HR2 kit, Oxoid, France) (Toral et al., 2015), and both results were highly correlated (Y = 
0.81X + 0.39, r = 0.91, n 78) and revealed similar increase in response to SOS. However, SOS did 
not increase the plasma CE, C, and PL in the present study in cows, whereas an increase in CE and 
C (and non-significantly in PL) was observed in goats. This between-species difference remains 
difficult to explain, and could not be attributed to difference in the variability of PL and CE 
concentration determinations (36 and 29%, respectively for cows vs 26 and 22.5%, respectively 
for goats). Other changes in plasma lipids were also reported in response to lipid supplements rich 
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in C18:2n-6: Increase of total plasma lipids, without significant changes in total Chol, TG and PL 
in lactating Carpathian goats (91 DIM) fed with hemp seed oil (4.7% DM) during 31 d (Cozma et 
al., 2016); Increase in all plasma lipids in alpine goats (70 DIM) fed maize-silage based diet 
supplemented with sunflower seed oil (6.1%) during 23 d (Bernard et al., 2009); Increase in both 
TG and total cholesterol in Saanen goats (30DIM) fed corn diet supplemented with sunflower oil 
(3.7% DM) during 54 d (Razzaghi et al., 2015). No such data were available for cows, but 
variability of response of the lipid classes to various lipid supplements could be due to the animal 
species, to the nature and dose of lipid supplements, the lactation stage and breed of the animals, 
as well as the methodology for lipid analysis. Altogether, these data are difficult to reconcile to 
improve understanding in differences observed between cows and goats in the present study in 
response to SOS. However, this study was performed on animals at the same stage of lactation, 
fed with the same diets, the sampling of plasma being realized at the same time of the day before 
feeding, in order to limit variations due to physiological and dietary conditions.  
The SOS diet rich in starch (32% of DMI) and supplemented with sunflower oil resulted 
in increasing ingestion of C18:2n-6 and cis9-C18:1 (Table 1) and caused MFD in cows contrary 
to goats (Toral et al., 2015). Under these conditions, similar 18:2n-6 plasma concentration in FFA 
and TG were observed in cows or goats, but its importance relative to total FA in these classes 
remained low compared to its high abundance in CE for both species (data not shown). The low 
abundance of plasma C18:2n-6 may be also due to its extensive biohydrogenation in rumen 
compartment, which under SOS conditions led to the synthesis of trans10,cis12-CLA and trans10-
C18:1 after isomerization and hydrogenation (Bauman and Griinari, 2001). Otherwise, the dietary 
cis9-C18:1 was more incorporated in both TG and FFA, in accordance with data from Loor and 
Herbein (2003), and was 2 fold more abundant in FFA compared to TG in cows in the present 
study, contrary to previous data (Loor and Herbein, 2003, Tyburczy et al., 2008). The sum of trans-
C18:1 isomers in TG+FFA were doubled compared to control diet in both species, the trans10 
Résultats 
85
isomer being largely and similarly increased compared to control in plasma TG (x 16.8), milk fat 
fraction (x 15) and ruminal content (x 12) of cows. These observations are in line with the ruminal 
origin of trans10-C18:1 found in the milk and its further transfer via hydrolysis of TG on VLDL 
or CM by LPL. Compared to cows, the trans10-C18:1 in response to SOS seemed to be differently 
modulated among species with higher response for cows, but that remained difficult to quantify 
due to co-elutions, whereas no difference between cows and goats were observed for this isomer 
in ruminal content (Toral et al., 2016). Among the between species differences highlighted by the 
SOS (that induced MFD in cows but not in goats), was noticed the cis9,trans11-CLA that 
decreased in goat’s TG and FFA compared to control. This observation was consistent with the 
ruminal FA content analysis in the same experiment (Toral et al., 2016), and suggests differences 
in the RBH pathways with putative more complete BH in the goat with SOS supplementation. The 
main theory explaining the MFD in cows in response to starch-rich diets supplemented with plant 
oil pointed out the antilipogenic effect of the trans10,cis12-CLA on mammary lipogenesis 
(Shingfield et al., 2010). In the present experimental conditions, this isomer increased with SOS 
in rumen content in both species, but was not detected in plasma TG or FFA of cows, probably 
due to the method used (GC vs HPLC) and the low content in plasma. Indeed, in milk fat fraction 
from the same experiment with CLA analysis performed on HPLC, the abundances of 
trans10,cis12-CLA were increased by SOS in both species at a detection level < 0.1 % of total FA 
for SOS and < 0.05 % of total FA for control (Toral et al., 2015). Otherwise, it was not excluded 
that this CLA was preferentially esterified on PL, then not directly available for MG as previously 
suggested (Loor and Herbein, 2003). By contrast for goats, trans10,cis12-CLA was detected only 
in plasma FFA with abundances similar among diets and > 0.1 %, which suggests difference in 
post-absorptive regulation for this FA between the two species.  
Résultats 
CONCLUSIONS 
Direct comparison of plasma lipid classes and FA composition of TG and FFA by HP-
TLC, in goats and cows in response to similar diets supplemented in lipids revealed primarily 
higher circulating TG concentration in goats than in cows, whatever the diet. Diet supplemented 
with fish oil that induced MFD in cows and to some extent in goats, could be related to the 
decreased plasma TG concentration in cows , whereas no changes in plasma TG was observed in 
goats. The n-3 PUFA provided by marine fat supplements that escape from RBH are circulating 
in part on both TG and FFA classes, then available for MG uptake. The concomitant higher 
trans11-C18:1 abundance in TG and TG concentration in goats, is in favour of a higher availability 
of this isomer for MG uptake and subsequent synthesis of cis9,trans11-CLA for secretion in the 
milk. Present data did not allow to determine the preferred form of transport of trans10,cis12-CLA 
isomers, but suggested that trans10-C18:1 on TG should play a role in MFD induced by SOS in 
cows. This study, together with the previous ones from the same experiment (reporting animal 
performances, rumen and mammary metabolism), constitute an original data set that contribute at 
a better understanding of the mechanisms of the differences in milk fat secretion between dairy 
cows and goats. Further studies of dynamical aspects of plasma TG and FFA like arteriovenous 
differences measurement combined with analysis of the composition in FA of the different lipid 
classes would help to complete this understanding. 
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Table 1: Daily intake in total DM, starch and fatty acids (FA), presented in decreasing order of 
importance, in cows and goats fed a basal diets containing no additional lipid (control), or 
supplemented with fish oil (FO) or sunflower and starch (SOS), according to Toral et al. (2015) 
Cows Goats 
Intake, g/d 
Control 
Total DM 
Starch 
% in Starch 
24,000 
5,520 
23 
2,490 
590 
23.7 
C18:2n-6 
cis9-C18:1 
C16:0 
C18:3n-3 
C18:0 
cis11-C18:1 
C14:0 
cis9-C16:1 
Total FA 
% in FA 
215.1 
102.7 
85.4 
54.6 
11.2 
3.9 
1.7 
1.0 
491.9 
2.05 
23.9 
11.4 
9.2 
5.5 
1.2 
0.4 
0.2 
0.1 
53.5 
2.15 
FO 
Total DM 
Starch 
% in Starch 
C18:2n-6 
C16:0 
cis9-C18:1 
C20:5n-3 
C18:3n-3 
C14:0 
cis9-C16:1 
C22:6n-3 
C18:0 
cis11-C18:1 
C22:5n-3 
Total FA 
% in FA 
20,730 
4,880 
23.5 
195.1 
156.4 
128.9 
77.1 
50.2 
40.7 
37.5 
32.2 
25.2 
17.5 
8.0 
845.0 
4.08 
2,240 
540 
24.1 
22.7 
18.0 
15.0 
9.1 
5.4 
4.8 
4.4 
3.8 
2.9 
2.1 
0.9 
98.1 
4.38 
SOS 
Total DM 
Starch 
% in Starch 
19,970 
6,470 
32.4 
2,170 
700 
32.3 
C18:2n-6 
cis9-C18:1 
C16:0 
C18:0 
C18:3n-3 
cis11-C18:1 
C14:0 
cis9-C16:1 
799.5 
325.5 
126.9 
38.6 
29.2 
3.3 
1.8 
1.7 
93.7 
38.0 
1.92 
4.5 
3.1 
0.4 
0.2 
0.2 
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Total FA 
% in FA 
1,352.4 
6.77 
157.6 
7.26 
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Table 2. Plasma lipid composition determined by high performance – thin layer chromatography (HP-TLC) analysis in individual samples of dairy 
cows (n 12) and goats (n 14) fed diets with no additional lipid (control) or supplemented with fish oil (FO) or sunflower oil and starch (SOS). 
Cows Goats Statistical P-value1 
Control FO SOS Control FO SOS SEM2 D S D x S 
mg/dL plasma 3
Cholesterol esters 216x 274w 219x 136z 188xy 171y 13.3 <0.001 <0.001 0.139 
Phospholipids 105BC 138A 123AB 77.6D 83.9CD 91.6CD 9.12 0.060 <0.001 0.434 
Cholesterol  33.8b 42.7a 37.9ab 15.4d 23.2c 22.6c 1.72 <0.001 <0.001 0.016 
Triglycerides 6.00b 4.59c 7.21b 17.6a 19.3a 18.9a 1.55 0.058 <0.001 0.025 
Free fatty acids 5.51wx 4.69wx 7.92w 4.18x 3.88x 7.18w 1.21 0.009 0.368 0.609 
Total lipids4 366B 464A 396B 251D 318C 311C 16.7 <0.001 <0.001 0.098 
w-z LS-means within a row with different superscripts differ significantly (P < 0.05) due to the effect of diet. Analysed using least square differences (LSD) method of LS-means
with the PDIFF option.
a-d LS-means within a row with different superscripts differ significantly (P < 0.05) due to the effect of diet x species. Analysed using least square differences (LSD) method of LS-
means with the PDIFF option.
A-D LS-means within a row with different superscripts indicate a tendency to differ (P < 0.10) due to the effect of diet or diet x species. Analysed using least square differences
(LSD) method of LS-means with the PDIFF option.
1 The dietary treatment (D) and the interaction between dietary treatment x species (D x S) effects were analysed by ANOVA using the mixed procedure of SAS (SAS inc. 9.4)
with animal in group as random effect.
2 SEM are means of error types obtained for each Latin square (species) by ANOVA analysis.
3 LS-means obtained by ANOVA analysis. The concentrations of plasma lipids were calculated as follow: µg of lipids (obtained against their respective standard curves, for 1µL
of lipid extract) x 200 (µL, volume of taking up in chloroform) ÷ 1000 (mg/mL, because total lipid extraction was of 1 mL of plasma) x 100 (mg/dL).
4 Sum of cholesterol esters, phospholipids, cholesterol, triglycerides, and free fatty acids (FFA).
Résultats 
94
Table 3. Mean1 fatty acids (FA) composition of plasma triglycerides (TG) in Cows and goats fed 
diets with no additional lipid (control) or supplemented with fish oil (FO) or sunflower oil and 
starch (SOS). 
TG Cows Goats 
FA, area % Control FO SOS Control FO SOS 
C12:0 ND ND ND 0.13 0.19 0.23 
C14:0 1.33 2.03 1.29 0.96 1.68 0.73 
Iso15:0 0.65 0.48 0.44 0.59 0.6 0.37 
15:0 1.31 1.13 0.9 1.12 1.15 0.74 
Iso16:0 1.17 1.05 0.48 0.73 0.98 0.56 
C16:0 17.81 21.92 16.75 18.22 20.37 14.71 
trans9-C16:1 
+ Iso17:0
0.74 0.96 0.71 0.88 1.59 0.76 
cis9-C16 :1 
+ anteiso17 :0
1.39 1.42 1.18 1.3 1.73 0.92 
cis11- 16 :1 2.45 3.8 0.92 1.47 6.33 0.72 
C17 :0 1.11 1.11 0.79 1.12 0.95 0.65 
cis9-C17 :1 0.1 ND 0.14 0.21 ND 0.14 
C18:0 34.61 17.37 34.17 39.68 7.28 41.4 
trans4-C18:1 1.95 1.7 1.73 ND 0.11 0.14 
trans5-C18:1 ND ND ND ND 0.11 0.08 
trans(6-8)-C18:1 0.34 0.62 1.21 ND 0.71 1.06 
trans9-C18:1 0.22 - 0.5 0.71 ND - 
trans(9+10)-C18:1 - 4.89 - - - 4.83 
trans10-C18:1 0.5 - 8.41 - - - 
trans(10+11)-C18:1 - - - 3.41 19.35 - 
trans11-C18:1 2.37 8.26 2.34 - - 2.79 
trans12-C18:1 
+ cis6-C18:1
0.43 1.04 1.11 0.47 1.08 0.97 
trans13-C18:1 1.23 1.3 1.92 0.65 1.35 ND 
cis9-C18:12 6.71 6.23 8.6 11.41 5.19 13.25 
cis11-C18:1 0.66 1.12 0.86 0.72 1.54 0.67 
cis12-C18:1 0.28 0.21 0.44 0.24 ND 0.61 
cis13-C18:1 0.05 0.06 0.09 ND ND ND 
cis14-C18 :1 
+trans16-C18 :1
0.44 0.21 0.58 0.5 ND 0.24 
cis15-C18 :1 
+ 19 :0
0.48 0.44 0.25 1.23 1.07 0.98 
trans,cis-C18 :23 0.42 0.2 0.28 0.36 0.17 0.12 
trans11,cis15-C18 :2 0.11 1.08 ND 0.26 1.28 0.14 
cis9,cis12-C18 :2 6.03 3.56 4.09 3.21 1.89 3.71 
cis9,trans11 CLA 
+cis9, trans7 + cis10,
trans8 CLAs
0.05 0.05 0.08 0.34 0.33 0.16 
cis9,12,15-C18 :3+ 
cis11-C20 :1+ 
trans9,12,cis15-C18 :3+ 
cis9,12,trans15-C18 :3 
5.64 4.49 3.66 1.06 1.56 0.8 
C20 :0 0.57 0.58 0.37 0.64 0.5 0.36 
C20 :3n-3 ND ND ND 0.87 0.88 0.88 
Résultats 
95
C20 :4n-6 0.14 0.29 0.13 0.35 0.56 0.35 
C20 :4n-3 ND 0.22 ND ND 0.5 ND 
C20 :5n-3 0.29 1.2 ND 0.32 3.88 0.16 
C21 :0 0.12 0.13 0.09 ND ND ND 
C22 :0 0.36 0.39 0.33 0.36 0.26 0.28 
C22 :1n-9 0.09 0.29 ND ND 0.27 ND 
C22 :5n-3 0.28 0.79 ND 0.46 2.37 0.23 
C22 :6n-3 0.11 0.95 ND 0.34 2.61 ND 
C23 :0 0.28 0.25 0.1 0.28 0.23 ND 
C24 :0 0.39 0.39 0.24 ND ND ND 
C25 :0 ND 0.87 ND ND ND ND 
Others 7 7 5 5 9 5 
1 Mean samples were made up for each species, and was constituted by the 12 cows or 14 goats, and for each of the 3 
experimental diets. 
2 Co-eluted with trans14-C18:1, trans15-C18:1, cis10-C18:1. 
3 Unsaturation cis or trans had unknown positions. 
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Table 4. Mean1 fatty acids (FA) composition of plasma free fatty acids (FFA) in cows and goats 
fed diets with no additional lipid (control) or supplemented with fish oil (FO) or sunflower oil and 
starch (SOS). 
FFA Cows Goats 
FA, area % Control FO SOS Control FO SOS 
C12:0 0.49 0.83 0.47 0.22 0.17 0.41 
C13:0 0.14 0.21 0.16 ND ND ND 
C14:0 2.43 2.84 2.3 1.77 1.89 1.36 
Iso15:0 0.4 0.42 0.32 0.38 0.40 0.32 
15:0 1.13 1.1 0.84 0.79 0.90 0.58 
Iso16:0 0.37 0.37 0.27 0.30 0.32 0.29 
C16:0 20.84 19.67 19.88 16.24 18.17 13.36 
trans9-C16:1 
+ Iso17:0
0.57 0.66 0.54 0.70 0.94 0.53 
cis9-C16 :1 
+ anteiso17 :0
1.53 1.26 1.57 1.10 1.13 1.09 
C17 :0 1.17 1.22 0.97 1.11 1.12 0.80 
cis9-C17 :1 0.26 0.15 0.26 0.25 0.26 0.35 
C18:0 24.5 21.41 25.72 30.84 17.83 28.32 
trans4-C18:1 3.14 2.93 1.81 ND ND ND 
trans(6-8)-C18:1 0.16 0.25 0.48 0.26 0.33 ND 
trans9-C18:1 0.33 0.29 - 0.22 0.38 0.56 
trans(9+10)-C18:1 5.07 
trans10-C18:1 0.69 2.61 - 0.49 0.99 3.60 
trans11-C18:1 1.58 4.51 1.68 1.82 9.01 2.72 
trans12-C18:1
+ cis6-C18:1
0.26 0.59 0.62 0.38 0.67 0.80 
trans13-C18:1 0.62 0.98 0.53 0.45 0.95 ND 
cis9-C18:12 15.8 8.59 19.85 16.27 9.72 20.87 
cis11-C18:1 0.95 0.95 1.07 0.80 1.17 0.96 
cis12-C18:1 0.22 0.17 0.45 0.16 0.09 0.74 
cis13-C18:1 0.06 0.12 0.18 ND ND ND 
cis14-C18 :1 
+trans16-C18 :1
0.19 0.14 0.32 0.50 0.18 0.22 
cis15-C18 :1 
+ 19 :0
0.66 1.49 0.71 3.63 3.20 2.09 
trans,cis-C18 :23 0.27 0.2 0.2 ND ND ND 
trans11,cis15-C18 :2 0.18 0.75 0.18 ND 1.22 0.54 
cis9,cis12-C18 :2 3.24 2.58 3.59 3.48 2.48 5.83 
cis9,trans11 CLA 
+cis9, trans7 + cis10,
trans8 CLAs
0.05 ND 0.08 0.31 0.48 0.17 
trans10, cis12-CLA ND ND ND 0.14 0.15 0.12 
cis9,12,15-C18 :3+ 
cis11-C20 :1+ 
trans9,12,cis15-C18 :3+ 
cis9,12,trans15-C18 :3 
7.35 6.66 3.96 2.38 2.08 2.80 
C20 :0 0.37 0.45 0.29 0.26 0.38 0.20 
C20 :3n-6 0.14 0.16 0.21 ND ND ND 
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C20 :3n-3 ND ND ND 2.38 2.45 1.83 
C20 :4n-6 0.18 0.45 0.24 0.37 0.49 0.46 
C20 :5n-3 0.16 1.03 0.13 0.27 1.73 0.22 
C21 :0 0.09 0.1 0.04 ND ND ND 
C22 :0 0.2 0.39 0.21 ND ND ND 
C22 :1n-9 0.21 0.44 0.21 ND ND ND 
C22 :5n-3 0.23 0.79 0.26 ND 0.63 0.18 
C22 :6n-3 0.21 1.13 0.06 0.27 1.25 0.24 
C23 :0 0.37 0.57 0.23 ND 0.17 0.78 
C24 :0 0.54 0.69 0.27 ND ND ND 
C24:1n-9 0.13 0.27 ND ND ND ND 
C25 :0 0.12 0.35 ND ND 0.37 ND 
Others 7 9 4 11 16 7 
1 Mean samples were made up for each species, and was constituted by the 12 cows or 14 goats, and for each of the 3 
experimental diets. 
2 Co-eluted with trans14-C18:1, trans15-C18:1, cis10-C18:1. 
3 Unsaturation cis or trans had unknown positions. 

CHAPITRE 5. DISCUSSION GENERALE
Discussion Générale 
Cette étude de comparaison inter-espèces a révélé d’importantes différences de réponses 
de la MGL (quantité sécrétée et composition) à l’ajout de SL variés dans des régimes riches en 
concentrés entre la vache et la chèvre. Cette discussion a pour objet de proposer des mécanismes 
physiologiques pour expliquer ces différences de réponses en reliant les données des indicateurs 
du métabolisme des lipides dans le rumen et la GM (Publications 1 et 2) rapportées dans le 
cadre de cet essai, et du métabolisme intermédiaire grâce aux données d’une première étude 
pilote de comparaison inter-espèces (Publication 3) utilisant des régimes avec 2 SL proches 
(huile de tournesol + amidon, et huile de poisson) de ceux utilisés dans notre étude (huile de 
maïs + amidon, et poudre d’algues). 
Compte tenu des objectifs fixés et des principaux résultats rapportés à chacune des étapes de 
cette thèse, je discuterai les points suivants : 
1/ Comment les différences de régulation de la plasticité de la MGL (quantité, profil en AG) 
observées suite à l’ajout de SL dans des régimes riches en concentrés chez la vache et la chèvre 
peuvent-elles être reliées à des variations d’indicateurs du métabolisme des lipides dans le 
rumen, le plasma, et la glande mammaire ? 
2/ Quels sont les phénotypes de qualité de la MGL selon les espèces et les SL utilisés ? 
Partie 1 : Variations d’indicateurs du métabolisme des lipides dans le rumen, le plasma et 
la GM pour expliquer les différences de régulation de la plasticité de la MGL en fonction 
des espèces et des régimes 
Afin d’apporter des éléments de réponse à la première question posée, les données d’indicateurs 
des processus digestifs et métaboliques sont discutées pour chacun des régimes.  
Avec le régime COS 
Afin de comprendre les différences de réponse de sécrétions de MGL observées avec le 
régime COS entre la vache et la chèvre (-50% et pas de variation respectivement), je me suis 
d’abord intéressée aux différences de composition en AG trans du lait qui, par déduction, 
renseignent sur les voies de BHR et plus globalement sur les processus digestifs ou 
métaboliques (synthèse dans le rumen, absorption, transport, captage par la GM) de ces AG.  
Chez la vache, le régime COS a pour effet majeur, une augmentation des isomères trans-10 : 
C18:1 trans-10 et CLA trans-10,cis-12, et du ratio C18:1 trans-10 / C18:1 trans-11 en accord 
avec les données de la littérature (Chilliard et al., 2007 ; Shingfield et al., 2010) avec des 
régimes riches en amidon supplémentés en huile végétale qui conduisent à une déviation des Les AG « <C16 », « C16 » ou « C16:0 + C16:1 cis-9 » et « > C16 » sont le reflet de la synthèse de novo ou du captage des AG longs plasmatiques 
dans la GM, ils sont exprimés en mmol/j/kg de PV. 
Tous les autres AG mentionnés sont exprimés en g/100g des AGT. 99
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voies de BHR de la voie des trans-11 vers la voie des trans-10. Cette augmentation des isomères 
trans-10 n’a pas été observée chez la chèvre, contrairement aux résultats obtenus chez cette 
espèce avec un régime similaire (riche en amidon et supplémenté en huile de tournesol ; Toral 
et al, 2015), pour lequel aucun effet sur la sécrétion de la MGL n’a été observé (comme dans 
la présente étude). Cette différence est probablement due à un apport en amidon et en C18:2 n-
6, par la ration, plus faible dans notre étude comparativement à celle de Toral et al. (2015). Nos 
résultats, quant à eux, suggèrent que 1/ la chèvre serait moins sensible à l’effet des régimes sur 
les voies de BHR avec un maintien de la voie majeure des trans-11 et/ou que 2/ le métabolisme 
intermédiaire est différent entre les 2 espèces et/ou que 3/ il existe des différences de captage 
de ces AG et plus globalement de disponibilité des précurseurs de la lipogenèse dans la GM 
selon les espèces. 
Alors que l’effet antilipogénique de l’isomère C18:2 trans-10,cis-12 est bien établi (Baumgard 
et al., 2001 ; Shingfield et Griinari, 2007 ; Shingfield et al., 2010), l’augmentation du C18:1 
trans-10 du lait a été associée à la MFD chez la vache (avec des données parfois contradictoires, 
Shingfield et al., 2010). En accord avec ces conclusions, dans notre essai avec le régime COS, 
la forte augmentation en C18:2 trans-10,cis-12 et C18 :1 trans-10 chez la vache est associée à 
une forte diminution des sécrétions des AG < C16, de la somme des C16:0 + C16:1 cis-9 et des 
AG > C16 (exprimés en mmol/j/kg PV), suggérant une inhibition dans la GM à la fois de la 
synthèse de novo et du captage des AG longs circulants. Dans les mêmes conditions, chez la 
chèvre, malgré une absence d’augmentation des isomères trans-10 dans le lait, une diminution 
de sécrétion des AG synthétisés de novo a été observée et compensée par une augmentation du 
captage des AG longs qui pourrait en partie expliquer l’absence de chute de sécrétion de la 
MGL. Cependant, il est probable que d’autres isomères des BHR soient impliqués dans ce 
phénomène (Shingfield et al., 2010 ; Sæbø et al., 2005 ; Perfield et al., 2006). Dans notre étude, 
la concentration d’autres isomères de CLA a augmenté : le CLA trans-7,cis-9, le CLA trans-
9,trans-11 et le CLA trans-10,trans-12, elles ont été corrélées à la chute de TB observée, bien 
que l’effet antilipogénique de ces AG pris individuellement n’ait pas été démontré.  
Ces différences de BHR selon les espèces pourraient être dues à des différences de microbiote 
ruminal (espèce, génétique, individu, régime), de comportement alimentaire (efficacité et temps 
de mastication ingestive et mérycique, salivation en lien avec pouvoir tampon, pH...) ou de 
dynamique de digestion des particules alimentaires (taille, densité, sortie des particules du 
rumen, activité motrice du rumen…). Pour le premier point, très peu de données sont 
disponibles dans la littérature chez la chèvre et encore moins en comparaison avec la vache. 
Cependant, une étude antérieure réalisée chez la vache et la chèvre (Toral et al., 2016) a montré 
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que la réponse des communautés bactériennes du rumen à un régime riche en amidon et 
supplémenté en huile de tournesol diffère selon l’espèce. Enfin, les différences de 
concentrations des AG à chaîne ramifiée (anteiso-C15:0, iso-C15:0, anteiso-C17:0) du lait, 
provenant de synthèses par les bactéries du rumen observées entre les 2 espèces sont aussi en 
faveur de l’existence de différences de communautés microbiennes selon les espèces de 
ruminant.  
Les différences de métabolisme ruminal des lipides alimentaires sont reliées à certains 
paramètres physico-chimiques (pH, pouvoir tampon,) et mécaniques de la digestion (taille, 
densité et sortie des particules du rumen, activité motrice du rumen, …) qui eux-mêmes sont 
contrôlés par le comportement alimentaire (efficacité et temps de mastication ingestive et 
mérycique, salivation) des animaux. Ainsi, les régimes riches en concentrés et supplémentés en 
huile végétale sont associés à un pH faible, à un plus faible taux de BHR des AG insaturés et à 
une augmentation du rapport trans-10 / trans-11 des C18:1 et des CLA avec une production de 
C18:2 trans-10,cis-12 et surtout de C18:1 trans-10 plus importante chez la vache (Troegeler-
Meynadier et al., 2003, Zened et al., 2011). Par ailleurs, il est probable que le comportement 
alimentaire contribue à expliquer les différences de métabolisme ruminal entre ces 2 espèces. 
En effet, Goetsch et al. (2010) ont rapporté une plus grande efficacité de mastication ingestive 
et des temps d’ingestion et de rumination plus élevés chez la chèvre que chez la vache avec des 
régimes riches en concentrés, ce qui a été relié à un pouvoir tampon du rumen plus important 
chez la chèvre (Desnoyers et al., 2011). Enfin, la digestion des constituants de la ration dans le 
rumen dépend non seulement de l’activité des micro-organismes mais aussi du temps de séjour 
de ces constituants dans le rumen. Il est également probable que des régulations de l’activité 
motrice du tractus digestif spécifiques à chaque espèce soient impliquées dans les différences 
de produits terminaux des fermentations ruminales notamment les isomères trans des voies de 
BHR.  
Par ailleurs, le régime COS a induit une augmentation des AGL plasmatiques (Publication 1) 
chez les 2 espèces, en accord avec les résultats obtenus dans la première étude de comparaison 
entre la vache et la chèvre (Publication 3) où le régime supplémenté en huile de tournesol et 
amidon a augmenté la concentration d’AGL chez les 2 espèces. Ce résultat est surprenant 
puisque chez la vache, une MFD est observée dans ces 2 études, même si les régimes riches en 
lipides augmentent positivement les AGL plasmatiques chez les vaches en milieu de lactation, 
en raison de la libération partielle des AGL provenant de l'activité de la LPL sur les TG 
plasmatiques (Gagliostro et Chilliard, 1991). Ainsi, un turn-over élevé des TG du plasma 
résultant de l’activité d'absorption des lipides alimentaires par la LPL pourrait contribuer à 
Figure 11. Variations d’indicateurs du métabolisme des lipides pour expliquer les différences de régulation de la plasticité de la matière grasse 
laitière en fonction des espèces avec le régime COS. 
COS : Régime supplémenté en huile de maïs et amidon AG : Aides Gras ; AGL : Acides Gras Libres ; β-OH : 3-β-Hydroxybutyrate ; FASN : Fatty Acid 
Synthase ; INSIG1 : Insulin-induced gene 1 protein ; MFD : Milk Fat Depression ; MG : Matière Grasse ; PPARα : Peroxysome proliferative activated 
receptor, alpha isoform 1 ; TB : Taux Butyreux ; TG : Triglycérides. 
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augmenter les AGL plutôt que les TG. Par ailleurs, toujours dans cette première étude 
(Publication 3) le régime huile de tournesol + amidon a entraîné une plus forte augmentation 
de C18:1 trans-10 sur les TG plasmatiques chez la vache, comparativement à la chèvre, 
confirmant une sensibilité moindre de la chèvre à l’effet des régimes sur les voies de BHR avec 
un maintien de la voie majeure des trans-11. 
De plus, le régime COS a provoqué une diminution de l’acétate et du β-OH plasmatiques 
chez la vache, précurseurs de la synthèse de novo, ce qui pourrait contribuer à la MFD observée 
chez cette espèce. Cette diminution a aussi été observée chez la chèvre, mais dans une moindre 
mesure, en accord avec la diminution des AG < C16 (mmol/j/kg PV) dans le lait sans qu’un 
effet sur la sécrétion des MGL soit observé, probablement du fait d’une compensation par un 
captage des AG longs circulants suggéré par une augmentation des AG > C16 sécrétés. Enfin, 
le métabolisme mammaire étudié via l’abondance de gènes impliqués dans la lipogenèse n’a 
pas permis de relier l’effet du régime COS à l’expression des gènes. Seule l’abondance des 
ARNm de 2 facteurs de transcription INSIG1 et PPARα a diminué chez la vache (et dans une 
moindre mesure chez la chèvre). Ces facteurs de transcription régulent l’expression de FASN, 
gène majeur impliqué dans la synthèse de novo (Chen et al., 2011 ; Blaschke et al., 2006), bien 
que le régime n’ait pas eu d’effet sur ce dernier. Ces résultats suggèrent des dynamiques de 
réponse différentes entre les facteurs de transcription et leurs gènes cibles comme cela a été 
montré chez les eucaryotes (Li et al., 2015). Enfin, il existe probablement d’autres niveaux de 
régulation (transcriptionnel, post-transcriptionnel, traductionnel ou post-traductionnel) de ces 
gènes de la lipogenèse, qui restent à préciser, ainsi que l’implication d'autres gènes ou 
mécanismes de régulation (miARN par exemple).  
Les points clés identifiés avec le régime COS (Figure 11) 
L’analyse des données indicatrices des métabolismes ruminal, intermédiaire et mammaire 
suggère de fortes différences entre la vache et la chèvre. Ce qu’il en ressort est que :  
 Ce régime modifie la voie de BHR du trans-11 au profit du trans-10 chez la vache,
mais pas chez la chèvre. 
 Le métabolisme des lipides dans la GM étudié via l’abondance des ARNm de gènes de
la lipogenèse n’a pas été relié aux données de sécrétions des AG du lait dans nos conditions 
de mesure (prélèvements de tissus mammaires 5 à 7 h après la traite et le repas). Il est 
probable que ce résultat soit en partie dû au moment du prélèvement du tissu qui aurait un 
impact sur l’abondance des ARNm en raison de changements d'apport en nutriments au cours 
d'un cycle d'alimentation et de régulation(s) locale(s) liée(s) à l'accumulation de lait dans les 
CEM, en plus des autres niveaux de régulations d’expression des gènes (Publication 2).  
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 Ce même type de régime (riche en amidon et supplémenté avec huile végétale) a eu des
effets différents sur le métabolisme intermédiaire dans la première étude pilote de 
comparaison entre vache et chèvre (Publication 3) montrant une augmentation des lipides 
circulants, dont les TG et les AGL, chez la chèvre contribuant à expliquer les différences de 
sécrétion la MGL via une plus grande disponibilité en AG longs (en accord avec 
l’augmentation des AG > C16 du lait). Ces résultats seront complétés par les données 
obtenues par l’approche de lipidomique du plasma dont l’analyse est en cours. 
En Résumé… 
Les différences de sécrétions et de composition de la MGL observées avec le régime COS entre 
la vache et la chèvre seraient principalement dues à des différences de métabolisme ruminal et 
de transport des AG dans le plasma. 
Avec le régime MAP 
En accord avec l’effet connu des AGPI à longue chaîne des produits marins (inhibition 
de la dernière étape des BHR conduisant à une accumulation d’isomères C18:1 trans au 
détriment de la synthèse ruminale de C18:0), chez les 2 espèces, MAP a conduit à une 
diminution de la somme du C18:0 + C18:1 cis-9 du lait (ce dernier provenant principalement 
de la désaturation du C18:0 par la SCD dans la GM) et à une augmentation de la somme des 
AG trans. Cette réduction de C18:0 pour la synthèse endogène de C18:1 cis-9 a été proposée 
pour expliquer la réduction de sécrétion de la MGL avec des suppléments d’origine marine 
(Loor et al., 2005 ; Shingfield et al., 2006 ; Toral et al., 2010) en raison de son impact 
potentiellement négatif sur le maintien de la fluidité de la MGL, phénomène amplifié par une 
augmentation concomitante des 18:1 trans-10 du lait (avec des points de fusion supérieurs à la 
température corporelle; Gunstone et al., 1994). Dans notre étude, MAP a conduit à une 
diminution des sécrétions des MGL avec une diminution des C16 (mmol/j/kg PV) et des AG > 
C16 chez les 2 espèces, ainsi qu’une diminution des AG < C16 chez la chèvre. Ces résultats 
suggèrent que MAP aurait, chez la vache, un effet sur le captage des AG longs plasmatiques, et 
chez la chèvre un effet sur la synthèse de novo et le captage des AG longs. Cette réduction de 
la lipogenèse mammaire chez les 2 espèces n’est pas reliée, dans notre étude, à une réduction 
des précurseurs de la synthèse de novo (acétate et β-OH), ni à des variations d’abondance 
d’ARNm de gènes impliqués dans le métabolisme des lipides excepté INSIG1. Dans la 
première étude de comparaison entre la vache et la chèvre (Publication 3), le régime 
supplémenté en huile 
Figure 12. Variations d’indicateurs du métabolisme des lipides pour expliquer les différences de régulation de la plasticité de la matière grasse 
laitière en fonction des espèces avec le régime MAP. 
AG : Aides Gras ; AGPI : Acides gros Polyinsaturés ; BHR : Biohydrogénations Ruminales ; β-OH : 3-β-Hydroxybutyrate ; DHA : Acide 
Docosahexaénoïque ; FASN : Fatty Acid Synthase ; INSIG1 : Insulin-induced gene 1 protein ; MAP : Régime supplémenté en poudre d’algues ; MFD : Milk 
Fat Depression ; MG : Matière Grasse ; TB : Taux Butyreux ; TG : Triglycérides. 
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de poisson a conduit à une diminution des TG plasmatiques chez la vache, suggérant une 
diminution de la disponibilité des AG pour la GM. Ce résultat peut être mis en regard de la 
diminution de sécrétion d’AG > C16 observée, dans notre étude, dans le lait de vache avec le 
régime MAP. Dans la première étude de comparaison inter-espèces (Publication 3), le plasma 
de chèvre recevant le régime supplémenté en huile de poisson comparativement au régime 
contrôle est caractérisé par une très forte augmentation de C18:1 trans-11 transportés sur les 
TG (augmentation 2 fois plus importante que chez la vache), alors que dans cette même étude, 
le C18:1 trans-11 du lait est augmenté de façon similaire entre les 2 espèces, par contre le CLA 
cis-9,trans-11 est presque 2 fois plus augmenté chez la chèvre comparativement à la vache 
comme dans la présente étude. Ces résultats suggèrent que chez la chèvre, le C18:1 trans-11 
est préférentiellement transporté par les TG, capté par la GM et désaturé en C18:2 cis-9,trans-
11 ce qui contribue au maintien de la fluidité de la MGL (et à l’amélioration de la qualité 
nutritionnelle du lait). Cependant il est probable que la réduction de disponibilité du C18:0 
n’explique pas à lui seul la MFD observée avec les produits marins comme le suggère une étude 
récente chez la brebis laitière (Toral et al., 2016) montrant que l'ajout de C18:0 à un régime 
supplémenté en huile de poisson ne permet pas de réduire l’ampleur de la MFD. En effet, 
d’autres composés sont probablement impliqués pour leurs effets antilipogéniques comme les 
AGPI longs de la série n-3 (EPA, DPA, DHA) dont la teneur est plus importante chez la vache 
comparativement à la chèvre (Publication 1). Par ailleurs, dans la 1ère étude de comparaison 
inter-espèces (Publication 3), le régime supplémenté en huile de poisson a conduit à une 
diminution des AG C18:0 + C18:1 cis-9 sur les TG plus marquée chez la chèvre 
comparativement à la vache, ce qui suggère une moindre BHR totale des C18 en accord avec 
la forte augmentation des C18:1 trans du rumen (Toral et al., 2016). 
Les points clés identifiés avec le régime MAP (Figure 12) 
L’analyse des données indicatrices des métabolismes ruminal, intermédiaire et mammaire 
suggère assez peu de différences entre la vache et la chèvre :  
 Chez les 2 espèces, ce régime conduit à une diminution du C18:0 et à une augmentation
des AG C18:1 trans du lait (et par déduction du rumen).
 Le taux de transfert apparent des AG longs de la série n-3 même s’il reste peu élevé, est
plus important chez la vache comparativement à la chèvre et pourrait expliquer un effet
antilipogénique plus important chez cette espèce.
 Comme pour le régime COS le métabolisme des lipides dans la GM, étudié via
l’abondance des ARNm de gènes de la lipogenèse, n’a pas été relié aux données de
sécrétions des AG du lait dans nos conditions de mesure.
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 Avec le même type de régime (supplémenté en huile de poisson), des effets différents
sur le métabolisme intermédiaire ont été observés entre les 2 espèces avec une diminution
des TG plasmatiques chez la vache, une augmentation du C18:1 trans-11 et une
diminution du C18:0 et C18:1 cis-9 sur les TG chez la chèvre plus importante que chez
la vache. Ces résultats seront complétés par les données de composition en lipides du
plasma obtenues par l’approche de lipidomique qui sont en cours d’analyse.
En Résumé… 
La MFD observée chez ces deux espèces est reliée à des mécanismes similaires au niveau du 
rumen avec des différences plasmatiques qui demandent à être confirmées. 
Avec le régime HPO 
Le régime HPO a conduit à une augmentation des sécrétions des AG C16:0 + C16:1 cis-
9 (mmol/j/kg PV) dans le lait de vache, ce qui suggère, chez cette espèce, un taux de transfert 
apparent du C16:0 plus élevé que la chèvre qui pourrait être dû à son mode de transport dans le 
plasma (TG et/ou AGL captés par la GM). En effet, une étude menée sur des vaches en lactation 
recevant un régime supplémenté en acide palmitique, a montré une augmentation de la sécrétion 
de MGL ainsi que de la concentration en AGL plasmatiques mais pas des TG (Piantoni et al., 
2013). Pour ce dernier point, nous n’avons pas d’élément de discussion du fait de l’absence de 
régime similaire dans la Publication 3. 
Les C16 du lait ont une double origine, ils sont issus du captage plasmatique ou de la synthèse 
de novo dans la GM. L’augmentation des AG C16:0 + C16:1 cis-9 observée dans le lait de 
vache pourrait être due, non seulement à une plus forte disponibilité du C16:0 sur les TG et 
AGL plasmatiques, mais aussi à une augmentation de la synthèse de novo, ce qui n’est relié, 
dans notre étude, ni à une augmentation des précurseurs de la synthèse de novo (acétate et β-
OH), ni à des variations d’abondance d’ARNm de gènes impliqués dans le métabolisme des 
lipides ni des facteurs de transcription. Quant à la somme des C18:0 + C18:1 cis-9 du lait, elle 
n’a pas été modifiée par rapport au régime CTL chez les 2 espèces, ce qui suggère un transport 
préférentiel chez la vache des C16:0 plasmatiques sur les TG et/ou AGL qui sont ensuite captés 
par la GM. 
Les points clés identifiés avec le régime HPO 
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L’analyse des données indicatrices des métabolismes ruminal, intermédiaire et mammaire 
suggère des différences entre la vache et la chèvre portant uniquement sur le transport et/ou le 
captage du C16:0 : 
 Chez la vache, ce régime conduit à une augmentation des sécrétions des AG C16:0 +
C16:1 cis-9 dans le lait suggérant un transport et/ou un captage privilégié du C16:0 chez
cette espèce.
Partie 2 : Effets de l’espèce et du régime sur les acides gras ayant un effet potentiel sur la 
santé humaine  
La composition en AG sous forme de TG, qui représente environ 98% de la MGL, est l’un des 
déterminants de la qualité nutritionnelle du lait. Parmi les facteurs de variation de la plasticité 
de la MGL et de sa composition, l’espèce (facteur intrinsèque) et la nutrition (facteur 
extrinsèque) jouent un rôle majeur. En particulier, la supplémentation en lipides des régimes 
est un moyen utilisé en recherche depuis des décennies, et dans une certaine mesure en élevage, 
pour moduler les performances et/ou la composition en AG du lait. De plus, des différences de 
réponse de quantité et de composition de la MGL des ruminants laitiers aux facteurs 
nutritionnels et notamment aux SL ont été montrées. 
En accord avec ces données, dans notre étude, les quantités et les compositions de MGL sont 
variables selon l’espèce, avec des effets importants des régimes supplémentés en lipides, parfois 
en interaction avec l’espèce.  
Avec le régime non supplémenté en lipides (CTL), des différences de profils en AG du 
lait (Publication 1) inhérentes à l’espèce ont été mises en évidence. Les concentrations en MGL 
des laits de vache et chèvre sont similaires (respectivement 3.39 et 3.47 %) alors que les profils 
en AG sont différents. Les concentrations en AGS (Σ C4, C6, C8, C10, C12, C14, C16 et C18) 
représentent une part importante de la MGL, respectivement 64% vs 68% chez la vache et la 
chèvre. Leur consommation a souvent été associée à une augmentation du risque de maladies 
cardiovasculaires, cependant, il faut tenir compte de l’effet dose et surtout les considérer 
individuellement pour déterminer leurs effets potentiels sur la santé. Par exemple les AG C14:0 
et C16:0 sont impliqués dans l’acylation de protéines (myristoylation et palmitoylation 
respectivement ; Legrand et Rioux, 2015), nécessaires pour leur activité biologique au niveau 
cellulaire. Une particularité du lait de chèvre est sa richesse en AG à chaînes courtes et 
moyennes, principalement les C6, C8 et C10 (acides caproïque, caprylique et caprique) (dont 
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la somme est de 17% chez la chèvre vs 7% chez la vache ; Publication 1) qui favorise sa 
digestibilité en plus du fait que les GG de la chèvre ont une taille inférieure à ceux de la vache 
(Park et al., 2007) (non mesuré dans cette étude). Les AGMI, principalement représentés par le 
18:1 cis-9, sont plus abondants chez la vache que chez la chèvre (22% vs 19% respectivement). 
Cet AG a notamment des propriétés anti-athérogènes ; anti-inflammatoires et serait impliqué 
dans la réponse immunitaire (Sales-Campos et al., 2013). Les AGPI à longues chaînes ω3 (EPA, 
DPA, DHA) ont des concentrations similaires chez les 2 espèces (Σ < à 1%). Ce sont des AG 
essentiels qui ne peuvent être synthétisés par l’Homme et doivent donc être apportés par 
l’alimentation. Ils présentent de multiples effets positifs sur la santé humaine notamment sur 
les maladies cardiovasculaires, le diabète, le cancer, la dépression et autres maladies mentales, 
dont celles liées à l’âge (Shahidi et Ambigaipalan, 2018).  
Par ailleurs, la concentration en AG trans (Σ18:1 trans) est plus importante chez la vache que 
chez la chèvre, même si les différences sont faibles (3,22 % chez la vache vs 3,13 % chez la 
chèvre). La consommation excessive de ces AG trans a été reliée à un risque plus important de 
développer des maladies cardiovasculaires (Givens, 2010), mais des études épidémiologiques 
récentes ont rapporté des effets potentiellement différents entre les AG trans d’origine 
industrielle et ceux d’origine naturelle (digestion chez le ruminant), ces derniers 
n’augmenteraient pas le risque de développer des maladies cardiovasculaires (Ferlay et al., 
2017). La concentration en CLA cis-9,trans-11, isomère majeur des CLA du lait, est plus élevée 
chez la chèvre que chez la vache (0,84 vs 0,51%) en accord avec la littérature (Chilliard et al., 
2003). Les effets bénéfiques pour la santé humaine de cet isomère de CLA (anti-carcinogène, 
anti-diabète, anti-obésité…) ont été démontrés sur des modèles animaux ou des lignées 
cellulaires in-vitro et demandent à être confirmés par des études épidémiologiques chez 
l’Homme (Ferlay et al., 2017). 
Chez la vache, le régime COS a entraîné une chute de concentration en AGS (Σ C4, 
C6, C8, C10, C12, C14, C16 et C18) par rapport au CTL (36% vs 64%), aussi observée chez la 
chèvre mais dans une moindre mesure (43%). Ce régime n’a pas eu d’effet sur les AGMI et les 
AGPI ω3. La concentration en AG trans (Σ18:1 trans) a été augmentée (+340%) chez la vache, 
et dans une moindre mesure chez la chèvre (+97%). Chez la vache uniquement, la concentration 
en CLA trans-10,cis-12, a été augmentée de 1736%, bien que sa concentration reste faible 
(COS : 0,07% vs CTL : 0 ,003%). Comme pour le CLA cis-9,trans-11, des effets bénéfiques 
sur la santé humaine lui ont été attribués, mais non démontrés chez l’Homme (Ferlay et al., 
2017). 
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D’un point de vue nutritionnel, si l’on vise une réduction des AGS du lait, le régime COS est 
intéressant puisqu’il conduit à une diminution de ceux-ci, mais il induit une augmentation de la 
concentration en AG trans.  
Chez les 2 espèces, le régime MAP a globalement peu d’effet sur les AGS (Σ C4, C6, 
C8, C10, C12, C14, C16 et C18), cependant, il diminue le C18:1 cis-9 mais augmente les AGPI 
à longues chaînes ω3 (Σ EPA, DPA et DHA) avec une concentration de 1,8% chez la vache et 
1,1% chez la chèvre (CTL : 0,3%). Même si les concentrations sont faibles, ces augmentations 
de +500% chez la vache et +267% chez la chèvre, représentent l’intérêt nutritionnel majeur de 
ce régime. 
Par ailleurs, MAP a pour effet d’augmenter, chez les 2 espèces, les AG trans (Σ18:1 trans) 
(+212% chez la vache et 164% chez la chèvre, comparativement au CTL), ainsi que le CLA 
cis-9,trans-11 (+170% chez la vache et +201% chez la chèvre comparativement au CTL). 
Le régime HPO n’a pas d’effet sur la composition en AG quelle que soit l’espèce, 
hormis une augmentation du C16:0 dans le lait (+10%) chez la vache.  
Ces données soulignent des différences de composition en AG du lait, qui présentent des 
intérêts nutritionnels, selon la nature des SL en interaction avec l’espèce. Ces 2 facteurs, sont 
des leviers qui peuvent être utilisés pour moduler la qualité nutritionnelle du lait en réponse aux 
attentes des consommateurs. D’une manière générale, lorsque l’alimentation modifie la 
concentration d’une catégorie d’AG, cela se traduit par des modifications simultanées d’autres 
AG qui peuvent être considérés comme favorables ou défavorables à la santé humaine. 
Par ailleurs, alors que l’attente des consommateurs est orientée sur la qualité nutritionnelle du 
lait, celle des producteurs, à ce jour, concerne plutôt la teneur en MG qui détermine le prix payé 
du lait. Cependant il est probable, qu’à l’avenir, d’autres critères de qualité que les actuels 
(qualité hygiénique, sanitaire, et composition en MG et matière protéique) soient pris en compte 
dans les analyses du lait. En effet, aujourd’hui les avancées technologiques permettent 
d’analyser très finement la composition du lait et d'en évaluer les apports nutritionnels, par 
exemple, les AG selon leur profil (AG ω3, ω6, isomères des CLA, des CLnA, etc) et les 
différentes espèces moléculaires de lipides polaires (par des approches de lipidomique), les 
protéines, les vitamines, etc. Les quantifications permises par ces nouvelles méthodes de 
spectrométrie de masse et de chromatographie, mises en regard de méthodes spectrales (SPIR, 
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MIR), pourraient fournir les outils visant à prendre en compte les différents aspects de la qualité 
nutritionnelle du lait.  
Les premiers résultats de composition en lipides polaires du lait ont mis en évidence des 
différences entre espèces et régimes (Annexe 4) qu’il est difficile d’interpréter sur le plan 
nutritionnel car, d’une part, cette fraction ne représente que 1% de la MGL et, d’autre part, les 
effets des espèces moléculaires des phospholipides prises individuellement 
(phosphatidylcholines, phosphatidyléthanolamines, phosphatidylinositols, 
phosphatidylsérines) sur la santé humaine sont peu documentés alors que ceux de la fraction 
globale des phospholipides ont été rapportés (effets anticholestérolémiant, hypolipémiant, 
anticarcinogénique, anti-inflammatoire, implications dans le développement cognitif, etc ; 
Contarini et Povolo, 2013). Malgré tout, dans le babeurre (co-produit de fabrication du beurre), 
ces lipides polaires représentent environ 30% de la MG. Ils sont utilisés en industrie agro-
alimentaire pour leurs propriétés technologiques émulsifiantes (Contarini et Povolo, 2013) et 
suscitent un intérêt croissant pour la santé humaine (Michalski et al., 2017).  
CHAPITRE 6. CONCLUSIONS ET
PERSPECTIVES 
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Cette étude de comparaison directe de la régulation nutritionnelle du métabolisme des 
lipides a mis en évidence de fortes différences de réponses entre la vache et la chèvre en termes 
de MG sécrétée et de composition en AG selon les SL contenus dans les régimes. Dans cette 
thèse, les mécanismes identifiés pour expliquer ces réponses ont été attribués à des différences 
selon les espèces : 1/ pour le régime COS, de métabolisme ruminal et de transport des AG dans 
le plasma, 2/ pour le régime MAP, de métabolisme intermédiaire et 3/ pour le régime HPO, de 
transport et/ou de captage d’AG. 
Ainsi, ces réponses très différentes aux régimes supplémentés entre ces deux espèces de 
ruminants, à priori voisines, ont apporté de nouvelles pistes d’étude des régulations des 
métabolismes ruminal, intermédiaire et mammaire, et conduisent à réévaluer et préciser les 
théories couramment admises.  
Cependant, les limites identifiées de ce travail de thèse sont les suivantes : nos indicateurs du 
métabolisme ruminal sont, pour l’instant, les AG trans du lait (qui seront complétés par les 
données des AG du rumen, des paramètres fermentaires, des populations et activités du 
microbiote) ; le métabolisme mammaire a été étudié via l’abondance des ARNm des gènes de 
la lipogenèse et des facteurs de transcription alors que d’autres mécanismes de régulation 
peuvent être impliqués, ainsi que le temps de prélèvements des tissus mammaires par rapport à 
la traite et au repas. Enfin, le métabolisme intermédiaire a été évalué par analogie avec une 
première étude de comparaison inter-espèces avec des régimes similaires, les hypothèses émises 
seront confirmées dans nos conditions expérimentales par une approche de lipidomique. 
De ces résultats, des préconisations peuvent être envisagées. Pour le producteur, le prix du lait 
étant basé sur des critères de qualité hygiénique et sanitaire et de teneur en MG et matière 
protéique, le régime HPO utilisé à 1,5% de MSI permet de « booster » la teneur en MG chez la 
vache, mais n’a pas eu d’effet chez la chèvre. Cependant, l’utilisation d’huile de palme en 
conditions d’élevage pose la question de la durabilité des systèmes car c’est une ressource 
limitée, en compétition avec l’alimentation humaine et qui de surcroît, est écologiquement 
remise en question. En se plaçant du côté du consommateur, le régime MAP est un bon 
compromis car il permet à la fois d’améliorer la qualité nutritionnelle du lait en augmentant les 
teneurs en AGPI à longues chaînes ω3 dont les effets bénéfiques pour la santé ont largement 
été démontrés, mais aussi d’utiliser une ressource non en compétition avec l’alimentation 
humaine et n’utilisant pas d’espace destinés aux cultures. Pour finir, pour satisfaire à la fois 
l’éleveur, le consommateur, et en réponse aux attentes sociétales, je préconiserais la 
supplémentation en poudre d’algues à faible dose et plutôt avec un régime à base de fourrages, 
ce qui conduirait à une réduction modérée de la teneur en MGL, surtout chez la chèvre, avec 
Conclusions & Perspectives 
112
une qualité nutritionnelle et un impact environnemental limité. Le régime COS ne revêt pas 
d’intérêt pour un producteur en élevage bovin du fait de la chute de sécrétion des MGL mais 
peut cependant constituer un outil pour orienter les nutriments épargnés pour la synthèse de 
MGL en faveur des tissus extra-mammaires, en particulier pour la reconstitution des réserves 
corporelles. Il pourrait s’agir d’une stratégie de long terme pour augmenter la longévité de la 
carrière de la vache haute productrice dans les élevages. 
Ce travail s’est inscrit dans le cadre du projet NutriLip, regroupant des mesures de production, 
de composition du lait, de comportement alimentaire, de digestion, d’émissions de méthane et 
d’indicateurs du métabolisme des lipides dans la GM et le rumen dont certaines sont rapportées 
dans cette thèse. Un livrable attendu de ce projet est la construction d’une base de données 
phénotypiques issues de cette expérimentation (à ce jour constituée d’environ 40 000 données 
sur 24 animaux, 2 espèces et 4 régimes) dont l’analyse par des méthodes statistiques 
multivariées et de méta-analyses permettra de proposer des outils de pilotage des performances 
par les conditions d’élevage et de phénotypage des caractéristiques du lait ou du ruminant 
laitier.  
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Oral Communication 
An integrative approach of lipid metabolism in dairy cows and goats : are the 
differences of nutritional regulation from mammary or ruminal origin ? 
H.Fougère, C.Martin, R.Baumont, L.Bernard
UMR1213 Herbivores, INRA, Vetagro Sup, F-63122, St-Genès-Champanelle, France. 
 A direct comparative nutritional study with 4 hay-based diets (not supplemented or 
supplemented with corn oil and starch, marine algae, or 16:0+18:0) was carried out on dairy 
goats (n=12) and cows (n=12) from January to July 2016. Measures of milk yield and 
composition, milk and plasma fatty acid composition, quantitative digestive processes (energy 
loss as methane emission and digestibility), feeding behavior recording together with measures 
related to rumen (microbiota and fermentation parameters, fluid fatty acid composition) and 
mammary gland (mRNA and protein abundances of genes) lipid metabolism were performed. 
The aim of this study is to clarify and order the mechanisms explaining the difference of 
response of these 2 ruminant species to specific nutritional conditions, by focusing on the study 
of :  
1. The differences in fatty acid profiles, in particular trans-FA, CLA and delta-9 desaturase
ratios, in milk, plasma and ruminal fluid. 
2. The effects of trans-FA on mammary metabolism and the underlying mechanisms
3. The microbiota, and particularly bacteria and protozoa species, involved in the ruminal
biohydrogenation pathways of FA and its relation with feeding behavior of animals. 
4. The effects of addition of lipid supplements on the quantitative digestive balance: do animal
species have different dietary efficiency? 
The major issue of this project is to develop livestock strategies to improve the quality of milk 
and the performances of dairy ruminant.
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Oral Communication 
Effect of Lipid Supplements on Milk Fat Yield and Composition: A Direct Comparison 
between Cows and Goats Responses 
H. Fougère, C. Delavaud, L. Bernard
UMR1213 Herbivores, INRA, Vetagro Sup, F-63122, St-Genès-Champanelle, France. 
Lipid fraction is a major determinant of the nutritional quality of milk and efficiency of 
production that could be modulated by nutritional factors such as lipid supplementation. 
However, previous data mainly from indirect comparison among species showed that cows and 
goats differ in their susceptibility to diet-induced milk fat depression (MFD). 
The objective of this study is to characterize, in cows and goats, the effects on milk fat plasticity 
of 3 types of diets chosen to induce a depression or an augmentation of milk fat content in cows 
and for which the effects in goats are absent or unknown. Twelve Holstein cows and 12 Alpine 
goats were fed diets containing forage and concentrate (45:55) (CTL) or the same diet 
supplemented with corn oil and wheat starch (COS), or marine algae powder (MAP) or 
hydrogenated palm oil (HPO) according to a 4X4 latin square design with 28-d experimental 
periods. Milk yield was recorded and milk samples were collected over 4 consecutive milking 
on d21 and d22 of each experimental period. Data were subjected to ANOVA for a 4X4 latin 
square design using the Mixed procedure of SAS, with statistical model including period, 
species, experimental diet and interaction between species and diets, as fixed effects. 
Dietary treatments had no significant effects (P>0.05) on milk yield in cows and goats. In cows, 
milk fat content decreased with COS and MAP (- 45% and – 22%, respectively; P<0.001) and 
increased with HPO (+12%, P<0.001) compared with CTL. In goats only MAP decreased (-
15%, P< 0.001) milk fat content. In cows, percentages variation in milk fat yield were of similar 
magnitude to that for milk fat content with a decrease for COS and MAP (-50% and -26%, 
respectively; P<0.001) and an increase for HPO (+9%; P<0.001). Conversely, in goats no 
significant effect (P>0.05) of dietary treatments was observed on milk fat yield.  
These results provide evidence of species differences in the response to diets that induced MFD 
(high-starch diets containing plant oils or addition of marine algae) and milk fat augmentation 
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(hydrogenated palm oil) in cows. This nutritional study which led to contrasted milk fat 
plasticity responses offers an original model that will be used to decipher the mechanisms 
underlying the specificities of the lipid metabolism among ruminant species.  
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Introduction
 Nutrition, in particular addition of lipids to the diets is an efficient mean to modulate milk fat content and composition in lactating ruminants [1].
 However differences of response to addition of lipid supplements rich in polyunsaturated fatty acid (PUFA) in diets rich in starch among cows
and goats have been outlined. Indeed, addition of fish oil (FO) or sunflower oil and wheat starch (SOS) decreased milk fat yield in cows
(MFD), but not in goats [2].
 Knowledge on the impact of these diets on plasma lipid composition will contribute to understand the observed differences in mammary gland
lipogeneic response between these 2 species.
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Figure1 : Example of HP-TLC silica plate organization for separation and analysis of the main
plasma lipid classes. After automated sample deposition, development in heptane-diethyl
ether-acetic acid (80:20:1.5), subsequent detection by immersion in copper sulfate solution
(10%) and heating at 140°C. Std 1 - 5 correspond to the standard curve, and each lipid
extract (control and samples) was doubly deposited (1 or 6 µL) to allow the quantification.
Figure2 : Simple lipid class concentrations in plasma lipid extracts of dairy cows and goats fed
during 26d on a basal diet without lipid supplement (Control), or with fish oil (FO), or sunflower
oil plus wheat starch (SOS). 1 Consists in the sum of PL, Chol, NEFA, TG and CE of the extracted lipid
fraction.
Conclusions : 
 Effect of species : Irrespective of diet, plasma of cows contents
higher total lipids (+39%) and higher concentrations in Chol (+86%),
CE (+43%), and PL (+44%), but lower concentration in TG (-68%)
were observed when compared to goat plasma.
 Effect of lipid supplements :
1) Compared to Control, total lipid content was significantly increased
by both FO (+ 27%) and SOS (+14.6%) supplemented diets.
2) Compared to Control, FO supplementation increased plasma Chol
(+33%), CE (+31%), and PL (+22%).
3) Compared to Control, SOS supplementation increased plasma
NEFA (+55%) and Chol (+23%).
NEFA were specifically increased by SOS supplemented diet.
Statistical effects
Diet Species Diet * Species
Control FO SOS p value Cow Goat p value p value
PL, µg/µL B A AB 0.043 A B 0.001 0.21
Cholesterol, µg/µL B A A 0.001 A B 0.001 0.29
NEFA, µg/µL B B A 0.02 A A 0.33 0.97
TG, µg/µL A A A 0.59 B A 0.001 0.43
CE, µg/µL B A B 0.001 A B 0.001 0.28
Total lipids, µg/µL1 C A B 0.001 A B 0.001 0.09
Objective = To develop a method of separation and quantification of simple lipid classes by HP-TLC* (Camag Switzerland) in plasma of goats
and cows in order to determine the effects of lipid supplements and species on plasma lipid content 
.
Table 1 : Results of statistical analyses for the effects of diet, species, diet x species on
variation in plasma lipid content. Differences are significant when letters are different on the
same line, A representing the highest concentration values. 1 Consists in the sum of PL, Chol, NEFA, TG
and CE of the extracted lipid fraction.
Methods
12 dairy cows and 14 dairy goats were fed a basal diet without lipids
(Control), or supplemented with sunflower oil plus wheat starch (SOS; i.e. 5%
diet DM), or fish oil (FO; i.e. 2% diet DM), in a replicated 3x3 latin square
design with the 3 treatments delivered during 3 periods of 28-d.
Plasma was collected at 26-d of each experimental period (n=78) and total
lipids extracted (Folch, 1957).
 Lipid classes of lipid extracts were analysed on 27 HP-TLC silica plates
(Figure1). Samples of cows or goats were randomly distributed with each of
nutritional treatment (Control, SOS, FO) present on each of the plates.
Quantification was performed after densitometry analyses (VideoScan,
Camag, Switzerland), and based on one standard curve/lipid class/plate.
Statistical analysis was realized using proc mixed of SAS (SAS Institute, Inc.,
Cary, NC), with diet, species, and their interaction as fixed effects.
Significance for p value < 0.05.
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* high performance thin layer chromatography
For the first time, a direct comparison between cows and goats fed the same diets, supplemented with PUFA, highlights differences in 
their plasma lipid class content, and supplies original data on the effects of the PUFA intake on this plasma composition.
[1] Chilliard Y,  et al., Eur J Lipid Sci Technol. 2007;109(8):828-55
[2] Toral PG, et al., J Dairy Sci. 2015;98(10):7277-97
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Lipid classes content in plasma of dairy goats and cows fed similar diets supplemented 
or not with lipids  
H. Fougère1, L. Bernard1, Y. Chilliard1, P. Toral2, V. Dietz1, C. Delavaud1
1UMR1213 Herbivores, INRA, Vetagro Sup, F-63122, St-Genès-Champanelle, France. 
2Instituto de Granaderia de Montaña (CSIC-ULE), 24346 Grulleros, Leõn, Spain 
The objective of this work was to determine plasma lipid content and composition on dairy 
cows and goats fed diets that induced milk fat depression (MFD) in cows, but not, or to a lesser 
extent, in goats. Twelve cows and 14 goats, at a similar lactation stage, were assigned to a 3x3 
latin square design, and successively fed a basal diet without addition of lipids (Ctrl), or 
supplemented with sunflower oil plus wheat starch (SOS), or fish oil (FO). Plasma lipids were 
extracted by modified Folch procedure from individual blood collected before morning feeding 
at the end of each nutritional 26-d period. Lipid classes were separated by HP-TLC (High 
Performance-Thin Layer Chromatography, Camag, Switzerland). After derivatization and 
heating, the plates were analyzed by densitometry (VideoScan, Camag, Switzerland). In order 
to quantify the major lipid classes, 5 standard curves with increasing quantities of pure C17:0-
phospholipid (PL), Cholesterol (Chol), C23:0-fatty acid (NEFA), cis9-C18:1-triglyceride (TG) 
and C15:0-cholesteryl ester (CE), were deposited on each plate with individual samples, and 
concentrations were expressed in µg/µL of lipid extract. Data were analysed with proc MIXED 
of SAS (SAS Institute Inc., Cary, NC), and effects of diet, species, and their interaction were 
determined. Whatever the species, and compared to Ctrl, FO increased plasma CE (+31%, 
P<0.001), Chol (+33%, P< 0.001) and PL (+22%, P<0.05), whereas SOS increased plasma 
NEFA (+55%, P<0.05) and Chol (+23%, P<0.001). Irrespective of dietary treatments, plasma 
lipid content was higher (+39%, P<0.001) in cows than in goats, with more Chol (+86%, 
P<0.001), CE (+43%, P<0.001) and PL (+44%, P<0.001), but less TG (-68%, P<0.001). In 
conclusions, we show for the first time differences in plasma lipid composition among goats 
and cows fed similar diets supplemented or not with lipids. These data will contribute to better 
understand the differences in mammary lipogenic response to MFD diets observed in cows and 
goats.
122
COMPARISON OF MILK POLAR LIPID
COMPOSITION OF COWS AND GOATS FED
VARIOUS LIPID SUPPLEMENTS
H. FOUGÈRE1, C. DELAVAUD1, S. EMERY1, J. BERTRAND-MICHEL2, L. BERNARD1
1 Université Clermont Auvergne, INRA, VetAgro Sup, UMR Herbivores, F-63122 Saint-Genès Champanelle, France
2 Institut des Maladies Métaboliques et Cardiovasculaires (I2MC), Inserm/Université Paul Sabatier UMR1048, 1 Avenue Jean Poulhes F-31432 Toulouse
.
Introduction
Materials & Methods
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Take Home Message: Among milk polar lipids, phosphatidylcholine is differently affected by diets in cows and goats
Objective: Determine the composition in milk PL in cows and goats fed diets
supplemented or not with various lipid sources
This study is the first one reporting data of PL composition of milk fat in two ruminant species under similar dietary conditions. We provided evidence
of differences of PL classes responses according to species and diets. These data, together with analysis of individual molecular PL species, will
contribute to better understand the determinant of milk fat secretion processes and control milk fat composition to improve its nutritional quality.
PC : PHOSPHATIDYLCHOLINE
PE : PHOSPHATIDYLETHANOLAMINE
PI : PHOSPHATIDYLINOSITOL
PS : PHOSPHATIDYLSERINE
SM : SPHINGOMYELIN
Cer : CERAMIDE
Results
Conclusion
12 Cows 12 Goats
In 2 Replicated 4x4 Latin Square Design
(4 diets, 4 periods of 28‐d)
(n=3 per group)
In milk, lipids are secreted in the form of fat globules with a core mainly composed of neutral
lipids (triacylglycerides; 98%) and a membrane of polar lipids (PL).
The interest in the milk PL fraction considerably increased due to its potential health benefit and
functional properties (Contarini et al., 2013).
The whole milk lipid fraction is modulated by addition of lipids to the diet with species‐specific
responses but the impact of nutrition and ruminant species on the PL fraction is not well
documented.
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Table 1. Polar lipid classes in milk of cows and goats
fed diets without additional lipid (CTL), or with
addition of corn oil and starch (COS), or marine algae
powder (MAP), or hydrogenated palm oil (HPO)
expressed in arbitrary units (relative abundance to an
internal standard per PL class).
a‐cMeans within a row not sharing a common superscript differ (P < 0.05)
due to species by diet interactions.
1Probability of significant effects due to species (Sp), experimental diet (D),
and their interaction (Sp x D).
2SEM = standard error of the mean.
Irrespective of diets,
milk fat of cows is
richer in PE and PC
compared to goats
but contains less Cer.
Lipidomic analysis were performed in Metatoul Platform (Toulouse‐France). This research was financed by APIS‐GENE under the NutriLip project.
References: Bligh, E.G., Dyer W.J. 1959. Canadian Journal of Biochemistry and Physiology 37, 911‐917.
Contarini, G., Povolo, M. 2013. International Journal of Molecular Sciences 14, 2808-2831.
10th International Symposium of the Nutrition of Herbivores
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A A
A
B
B B
PC PE Cer
A‐Bmeans not sharing a common
superscript differ (P < 0.05) due to
species effect.
Sum 
per 
class 
Cows Goats p-value1
CTL COS MAP HPO CTL COS MAP HPO SEM2 Sp D Sp × D 
Σ PC 24.7bc 37.5a 21.4bc 28.8b  17.6c 21.7bc 18.0c 21.0bc 1.19 0,002 <0.001 0,011 
Σ PE 52.1 55.8 59.3 57.3 42.6 44.7 51.0 45.7 1.69 0,005 0,139 0,953 
Σ SM 15.2 21.5 13.8 16.1 36.4 28.4 13.9 23.6 3.65 0,133 0,308 0,488 
Σ PI 19.2 25.2 16.9 25.1 25.5 26.9 18.1 28.7 1.13 0,094 <0.001 0,175 
Σ PS 24.6 30.0 22.0 32.0 30.3 32.4 24.2 32.7 1.63 0,275 0.019 0,833 
Σ Cer 2.04 2.40 2.20 3.04 3.50 5.63 3.30 4.39 0.30 0,006 0,050 0,182 
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Whatever the species,
milk PI was decreased
by MAP, and increased
by COS or HPO.
In cows, COS increased
significantly PC in milk
fat when compared to
CTL.
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Comparison of milk polar lipid composition of cows and goats fed various lipid 
supplements 
H. Fougère1, C. Delavaud1, S.Emery1, J.Bertrand-Michel2, L. Bernard1 
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Take home Message Among milk polar lipids, phosphatidylcholine is differently affected by 
diets in cows and goats 
Introduction In milk, lipids are secreted in the form of fat globules with a core mainly 
composed of neutral lipids (triacylglycerides; 98%) and a membrane of polar lipids (PL) (about 
1%, mainly phosphatidylethanolamine (PE), phosphatidylcholine (PC), sphyngomyelin (SM), 
phosphatidylserine (PS), phosphatidylinositol (PI) and ceramide (Cer)). The interest in the milk 
PL fraction considerably increased due to its potential health benefit and functional properties 
(Contarini et al., 2013). The whole milk lipid fraction is modulated by addition of lipids to the 
diet with species-specific responses but the impact of nutrition and ruminant species on the PL 
fraction is not well documented. The objective of this study was to determine the composition 
in milk PL in cows and goats fed diets supplemented or not with various lipids sources. 
Material and methods Twelve Holstein cows and 12 Alpine goats were fed a basal diet (45% 
forage + 55% concentrate) not supplemented (CTL) or supplemented with corn oil and wheat 
starch (COS; 5% diet dry matter (DM)), or marine algae powder (MAP; 1.5% diet DM) or 
hydrogenated palm oil (HPO; 3% diet DM) in a replicated 4X4 Latin square design with 28-d 
experimental periods. Milk samples were collected over 2 consecutive milkings on d24 of each 
experimental period. Subsamples were pooled by species, period and diets (n=16 per species) 
and lipid extracted for PL determination by liquid chromatography-ElectroSpray Ionization-
QQQ. Data were subjected to ANOVA using the MIXED procedure of SAS with statistical 
model including species, experimental diet and interaction between species and diets, as fixed 
effects and animal pool as random effect. 
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Results Irrespective of diets, milk fat of cows was richer in PE and PC compared to goats (+ 
22% and + 40% respectively), whereas milk fat of goats contained more Cer compared to cows 
(+ 72%). MAP diet decreased PI in both species (mean - 21%; p < 0.001) compared to control. 
In cows, COS diet increased PI (+ 31%, p < 0.01) and PC (+ 52%; p < 0.001) compared to 
control whereas these effects are lower in goats (+ 6 and +23% respectively; NS). Due to a high 
individual variability, in particular among goats, SM was not significantly affected by species 
or diets even though higher numerical values were obtained in goats compared to cows. 
Table 1. Relative abundance of polar lipid classes in milk of cows and goats fed diets without additional 
lipid (CTL), or with addition of corn oil and starch (COS), or marine algae powder (MAP), or 
hydrogenated palm oil (HPO) (arbitrary units determined as the abundance relative to an internal 
standard per PL class) 
Sum 
per 
class 
Cows Goats P-value1
CTL COS MAP HPO CTL COS MAP HPO SED2 Sp D 
Sp × 
D 
Σ PS 24.6 30.0 22.0 32.0 30.3 32.4 24.2 32.7 1.63 0,275 0.019 0,833 
Σ Cer 2.04 2.40 2.20 3.04 3.50 5.63 3.30 4.39 0.30 0,006 0,050 0,182 
Σ PE 52.1 55.8 59.3 57.3 42.6 44.7 51.0 45.7 1.69 0,005 0,139 0,953 
Σ PI 19.2 25.2 16.9 25.1 25.5 26.9 18.1 28.7 1.13 0,094 <0.001 0,175 
Σ SM 15.2 21.5 13.8 16.1 36.4 28.4 13.9 23.6 3.65 0,133 0,308 0,488 
Σ PC 24.7bc 37.5a 21.4bc 28.8b 17.6c 21.7bc 18.0c 21.0bc 1.19 0,002 <0.001 0,011 
a-cMeans within a row not sharing a common superscript differ (P < 0.05) due to species by diet 
interactions. 
1Probability of significant effects due to species (Sp), experimental diet (D), and their interaction (Sp x 
D). 
Conclusion This study is the first one reporting data of PL composition of milk fat in two 
ruminant species under similar dietary conditions. We provided evidence of differences of PL 
classes responses according to species and diets. These data, together with analysis of individual 
molecular PL species, will contribute to better understand the determinant of milk fat secretion 
processes and control milk fat composition to improve its nutritional quality. 
Acknowledgements Lipidomic analysis were performed in Metatoul Platform (Toulouse - 
France). This research was financed by APIS-GENE under the Nutrilip project. 
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Table supplémentaire. Séquence des amorces (S : primer sens ; AS : primer anti-sens) utilisées et conditions de PCR en temps réel. 
Gènes Protéine Codée Fonction Biologique Séquence Nucléotidique (5’-3’) Chimie 
Utilisée 
Température 
d’Hybridation des 
Amorces (°C) 
UXT2 Ubiquitously-expressed 
transcript 
Fixation des 
microtubules 
S : TGT GGC CCT TGG ATA TGG TT 
AS : GGT TGT CGC TGA GCT CTG TG 
SYBRGreen 60 
EIF3K Eukaryotic translation 
initiation factor 3 subunit K 
Synthèse des protéines S : CCA GGC CCA CCA AGA AGA A 
AS : TTA TAC CTT CCA GGA GGT CCA 
TGT 
SYBRGreen 60 
RPLP0 60S acidic ribosomal protein 
P0 
Biosynthèse des 
ribosomes 
S : CAA CCC TGA AGT GCT TGA CAT 
AS : AGG CAG ATG GAT CAG CCA 
SYBRGreen 60 
ACSL1 Acyl-CoA synthetase lonG-
chain family member 1 
Activation des AG et 
transport 
S : TGG AAA ACT CAT TTC CTG GGA 
AS : GCA GTA AAA GTG AAA TGC GGC 
SYBRGreen 60 
CD36 Platelet Glycoprotein 4 (fatty 
acid translocase) 
Captage et transport 
intracellulaire des AG 
S : ACA GAT GTG GCT TGA GCG TG 
AS : ACT GGG TCT GTG TTT TGC AGG 
SYBRGreen 58 
FABP3 Fatty acid-binding protein, 
heart 
Captage des AG longs 
et transport 
S : CCT CTC CTT CCA CTG ACT GC   
AS : TTG ACC TCA GAG CAC CCT TT 
SYBRGreen 58 
FADS3 Fatty acid desaturase 3 Désaturation des AG 
(Δ-13) 
S : GAA AAT CTG GCC TAC ATG CTG G 
AS : GGC GTA GAA GCT GGC GG 
SYBRGreen 60 
FASN Fatty acid synthase Synthèse de novo des 
AG 
S : ACA GCC TCT TCC TGT TTG ACG 
AS : CTC TGC AcG ATC AGC TCG AC 
TaqMan 60 
GPAM Glycerol-3-phosphate 
acyltransferase 1, 
mitochondrial 
Synthèse des TG S : ACC AGC AGT TCA TCA CCT TC 
AS : GTA CAC GGC AAC CCT CCT CT 
SYBRGreen 58 
LPIN1 Lipin 1 Synthèse des TG, PE et 
PC 
S : TGG CCA CCA GAA TAA AGC ATG 
AS : GCT GAC GCT GGA CAA CAG G 
SYBRGreen 60 
LPL Lipoprotein lipase Captage de AG sous 
forme de TG  
S : TTC AGA GGC TAT TAC TGG AAA TCC 
AS : ATG TCA ATC ACA GCA TTC ATT 
CTA CT 
TaqMan 60 
SCD1 Stearoyl-CoA desaturase Désaturation des AG 
(Δ-9) 
S : TGC TGA CAA CTT ATC TGG ATG C 
AS : AAG GAA TCC TGC AAA CAG CTA 
TaqMan 60 
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SCD5 Stearoyl-CoA desaturase Désaturation des AG 
(Δ-9) 
S : CAT AAC TAC CAT CAC ACC TT 
AS : ACA TGA AGT CAA TGA ACC A 
SYBRGreen 58 
SLC2A1 Solute carrier family 2, 
facilitated Glucose 
transporter member 1 
Transport du Glucose S : AAG GAC ACA CTA ATC GAA CTG CAA 
AS : CAA CTG GTC TCA GGC AAG GAA 
SYBRGreen 62 
CSN2 Beta-casein Protéine du lait 
(caséines) 
S : AAA GGC CTG GAT GGG CAT AT 
AS : CTC AAA CCC CTG TGG TGG TG 
SYBRGreen 60 
MFGE8 Lactadherin Protéine membranaire 
du Globule Gras 
S : TGA GTA GGT CTG GGA TGG AC 
AS : GGA AGC TGC CTG TGT ACT CT 
SYBRGreen 60 
mTOR Serine/threonine-protein 
kinase mTOR 
Synthèse des protéines S : ATG CTG TCC CTG GTC CTT AtG 
AS : GGG TCA GAG AGT GGC CTT CAA 
SYBRGreen 60 
INSIG1 Insulin-induced Gene 1 
protein 
Facteur de transcription S : CTA GCC TCG AAC TAA AGC CTG ACT 
AS : TTC CTG TCT CAC CAC ACT TCA TCT 
SYBRGreen 60 
LXR Oxysterols receptor LXR-
alpha 
Facteur de transcription S : AAG ACG TCT GCG ATT GAG GT 
AS : TCT CAC TTC CAG GGT TGT ACC 
SYBRGreen 62 
PPAR Peroxisome proliferative 
activated receptor, alpha 
isoform 1 
Facteur de transcription S : AGC ATC GCC CTG AAC ATC 
AS : CGT AGT GGT AGC CAG AGG 
SYBRGreen 58 
PPARG1 Peroxisome proliferator-
activated receptor Gamma 1 
Facteur de transcription S : CAG GTT TGA AAG AAG CCA CA 
AS : TTA CGG AAA CGT CCC TCT TG 
SYBRGreen 60 
SP1 Transcription factor Sp1 Facteur de transcription S : GGC AGG TTC AGA AGG CAG TGG T 
AS : CAC TGT TGG CAA GAC GGG CAA 
SYBRGreen 62 
SREBF1 Sterol reGulatory element 
bindinG transcription factor 1 
Facteur de transcription S : CCA GCT GAC AGC TCC ATT GA 
AS : TGC GCG CCA CAA GGA 
SYBRGreen 60 
TLR4 Toll-like receptor 4 Régulation de  
cytokines de la réponse 
inflammatoire 
S : GGC TCT AAG GAG CAA GAA CTA C 
AS : ATT TGC TCA GCT CCC ACC 
SYBRGreen 60 
AG : Acides Gras ; PC : Phosphatidylcholine ; PE : Phosphatidyléthanolamine ; TG : Triglycérides. 
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RESUME 
Une étude comparative de la régulation nutritionnelle du métabolisme des lipides chez la vache et la chèvre laitières 
a été réalisée afin d’identifier les mécanismes et préciser les spécificités de ces 2 espèces en vue d’une meilleure 
maîtrise de la quantité et de la qualité de la matière grasse laitière (MGL). Les effets respectifs de régimes riches 
en concentrés non supplémenté (CTL) ou supplémentés en huile de maïs et en amidon (COS), ou en poudre 
d’algues (MAP) ou en huile de palme hydrogénée (HPO) sur la plasticité et la composition de la MGL, et sur des 
indicateurs des métabolismes ruminal, intermédiaire et mammaire ont été étudiés chez la vache et la chèvre (n=12 
par espèce) conduites simultanément selon un carré latin 4X4. Les régimes n’ont pas eu d’effet sur la production 
laitière quelle que soit l’espèce. Cependant, une différence de réponse inter-espèces au régime COS a été observée 
avec une forte chute de la teneur en MGL (-45%) chez la vache mais pas chez la chèvre. Le régime MAP a conduit 
à une diminution de la teneur en MGL chez la vache (-22%) et, dans une moindre mesure, chez la chèvre (-15%), 
tandis que HPO l'a augmentée seulement chez la vache (+13%). Les différences majeures observées avec COS 
entre les 2 espèces sont attribuées 1/ à des différences de biohydrogénations ruminales (BHR) des AG 
polyinsaturés avec une plus grande stabilité des voies classiques de BHR chez la chèvre ; 2/ au métabolisme 
intermédiaire, avec une augmentation des lipides circulants chez la chèvre suggérant une plus grande disponibilité 
en AG longs pour la glande mammaire (GM). Les réponses à MAP ont été attribuées à des mécanismes similaires 
chez les 2 espèces mais différents en termes d’indicateurs des métabolismes ruminal et intermédiaire de ceux 
identifiés pour COS. Chez la vache HPO se distingue par une augmentation du C16:0 et C16:1 cis-9 du lait 
suggérant un transport et/ou un captage privilégié du C16:0 chez cette espèce. Quel que soit le régime, le 
métabolisme mammaire des lipides, étudié via l’abondance des ARNm de gènes de la lipogenèse, n’a pas été 
relié aux données de sécrétions des AG du lait. Nos résultats montrent que la plasticité de la MGL chez deux 
espèces de ruminants, à priori proches, est contrôlée par des mécanismes différents selon l’espèce et le régime. 
Nous avons construit une base de données phénotypiques sur 24 animaux de 2 espèces recevant 4 régimes dont 
l’analyse nous a permis de préciser les mécanismes de synthèse de la MGL. Ce projet de recherche pourrait 
permettre, in fine, de proposer des outils de monitoring via le phénotypage de la composition fine du lait et 
de proposer des stratégies d’élevage pour moduler les performances de l’animal. 
Mots clés : Ruminants, Métabolisme des lipides, Suppléments lipidiques, Plasticité de la matière grasse, 
Acides gras. 
ABSTRACT 
A comparative study of the nutritional regulation of lipid metabolism in dairy cows and goats was performed to 
identify the mechanisms and clarify the specificities of these 2 ruminant species in order to better control milk 
fat yield and quality. The effects of diets containing no additional lipid (CTL) or supplemented with corn oil (5% 
dry matter intake (DMI)) and wheat starch (COS), marine algae powder (MAP) (1.5% DMI), or hydrogenated 
palm oil (HPO) (3% DMI), on milk fat plasticity and composition, and on indicators of ruminal, 
intermediary and mammary metabolisms were studied in cows and goats (n=12 per species) conducted 
simultaneously according to a 4x4 Latin square design. Dietary treatments had no significant effects on milk 
yield in both species. Conversely, species-specific response of milk fat content to dietary treatment were 
observed: in cows, milk fat content was lowered by COS (-45%) and MAP (-22%) and increased by HPO 
(+13%) compared with CTL, and in goats, only MAP had an effect compared with CTL by decreasing milk fat 
content by 15%. The major differences observed for COS among species were attributed 1/ at differences 
in the polyunsaturated fatty acids (FA) ruminal biohydrogenation (RBH) processes with a greater stability 
of the classical RBH pathways in goats; 2/ at the intermediary metabolism, with an increase in circulating 
lipids in goats suggesting a higher availability of long chain FA for mammary gland (MG). Responses on MAP 
treatment were attributed to similar mechanisms among species but different to those outlined for COS in terms 
of indicators of ruminal and intermediary metabolisms. In cows, HPO was characterized by an increased in milk 
16:0 et cis-9 16:1 suggesting a favoured transport and/or uptake of 16:0 in this species. Whatever the dietary 
treatment the mammary lipid metabolism studied by the mRNA abundance of few lipogenic genes was not 
related with milk FA yields. Our results demonstrated that the milk fat plasticity in two closely related ruminant 
species is controlled by different mechanisms depending on species and dietary treatments. We produced a 
database on 24 animals of 2 species receiving 4 dietary treatments. The dataset analysis allowed us to enhance 
our knowledge on regulation mechanisms of milk fat synthesis. This research project will contribute for the 
development of  monitoring tools based on milk composition phenotyping, and to propose husbandry strategies 
that modulate animal performance. 
Key words: Ruminants, Lipid metabolism, Lipid supplements, Milk fat plasticity, Fatty acids.
